JOURNAL OF 


THE SOUTH AFRICAN CHEMICAL INSTITUTE 








NEW 
SERIES 


VOLUME ... II 


NUMBER ... 


1 





President—W. H. Dyson, M.A., F.R.I.C.—President 
Hon. Secretary—C. F. Lindemann, B.Sc.— Ere-sekretaris 
Hon. Editor—K. A. Murtay, M.Sc., A.R.I.C.— Ere-redakteur 





Publications Committee /Publikasie-komitee: 
Prof. H. Stephen, O.B.E., D.Sc., F.R.1.C. (Chairman /V oorsitter); 


J. A. McLachlan, D.Sc.(Eng.), M.I.Chem.E. 
(Vice-Chairman |V ise-voorsitter) ; 


E. G. White, M.Sc., F.R.1.C. (Hon. Sec. / Ere-sek.); 


A. W. Lategan, M.Sc., Ph.D. Asst. Hon. Editors 
O. G. Backeberg, M.A., D.Sc., F.R.I.C. f Asst. Ere-redakteure 


Prof. H. L. de Waal, M.Sc., Ph.D., D.Sc.; 
F. Hawke, M.Sc.(Eng.), F.R.L.C.; 
F. W. Hayes, A.R.I.C.; 
S. S. Israelstam, M.Sc., F.R.I.C.; 
T. J. Wilken Jorden, D.Sc.; 
and the Office Bearers /en die Ampsdraers. 


Published by the Institute, Uitgegee deur die Instituut, 
Kelvin House, Kelvinhuis, 
Johannesburg 


Price 
Prys } if 








JOERNAAL VAN | 
DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 








Die Redakteure en die Suid-Afrikaanse Chemiese Instituut aanvaar geen verantwoordelikheid 
vir verklarings wat gemaak word of menings wat uitgespreek word deur bydraers nie. 


The Editors and the South African Chemical Institute assume no responsibility for statements 
made and opinions expressed by contributors. 


CONTENTS — INHOUD 


RICINOLEIC ACID 
by Frank Hawke 


THE SPECTROCHEMICAL DETERMINATION OF HIGH PERCENTAGES 
OF ANTIMONY IN ANTIMONIAL LEAD 
by T. J. Hugo and A. Strasheim 


DIE KONSTITUSIE EN PIROLISE VAN ’N PAAR PIROFOSFOR- 
SUURESTERS 


deur J. H. Cronje 


RECOVERY OF THE COKING FRACTION FROM WITBANK FINE COAL 
BY MEANS OF THE CYCLONE WASHER 


by P. J. van der Walt .. 


A NEW METHOD FOR THE DETERMINATION OF HYDROXYL AND 
WATER IN ORGANIC COMPOUNDS 


by F. H. H. Valentin .. 


A THEORETICAL INVESTIGATION OF SOME PROPERTIES OF 
LIQUIDS 
by H. A. E. Mackenzie 




















Deel II, No. 1 JOERNAAL VAN DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 





RICINOLEIC ACID 
I. ISOLATION OF THE PURE ACID FROM CASTOR OIL FATTY ACIDS 
by 
FRANK HAWKE 


OPSOMMING 


Kristallisasie by ’n lae temperatuur uit droé aseton is toegepas op kasterolie-vetsure vir die isolasie 
van suiwer risinoleiensuur. Die vetsure is eers gefraksioneer in vyf dele en die dele wat by —40°C. 
en —50°C. uitgeskei het, is die geskikste gevind vir die produksie van die suiwer suur. Sewe tot tien 
rekristallisasies van hierdie dele by —70°C. is voldoende vir die isolering van monsters van risinoleiensuur 
met ’n suiwerheid van meer as 99 persent. 

Die looslikheid van risinoleiensuur in droé aseton by —70°C. is omtrent 0-38 g. per 100 ml. oplossing 


SUMMARY 


Low temperature crystallization from dry acetone has been applied to castor oil fatty acids for the 
isolation of pure ricinoleic acid. The fatty acids were first fractionated into five fractions and the 
fractions separating at —40°C. and —50°C. were found to be the most suitable for the production 
of the pure acid. Seven to ten recrystallizations of these fractions at —70°C. resulted in the isolation 
of samples of ricinoleic acid of over 99 per cent purity. 

The solubility of ricinoleic acid in dry acetone at --70°C. was found to be approximately 0-38 g. per 
100 ml. solution. 


Although present in castor oil fatty acids to the extent of 80 to 88 per cent',?,3 
ricinoleic acid is extremely difficult to isolate in the pure state and according to 
Ralston‘, “the pure acid has not as yet been obtained from castor oil”. Ricinoleic 
acid (12-hydroxy- /\°-octadecenoic acid) was probably first isolated in a crude state by 
Saalmiiller® in 1848, while its constitution was first proved by Goldsobel® 46 years later. 


Rider? has reviewed the methods used in attempts to isolate the pure acid up to 1931, 
but fails to substantiate his claim to have prepared “‘C.P. ricinoleic acid” by the complete 
omission of analytical criteria of purity. Straus e¢ a/.8 assess the purity of their products 
on the basis of iodine value coupled with the fact that the optical rotation they reported 
exceeded all values published previously. Brown and Green®, using low temperature 
crystallization methods, attempted the isolation of the pure acid, but having obtained 
a sample of 95-6 per cent purity (based on acetyl value) were forced to conclude that 
“ricinoleic acid, itself, appears to be even more difficult to prepare than oleic acid, 
not because of the difficulty of separation from other acids but because of its own 
reactivity”. 

Since it appeared that no advantage would be gained by starting with a purified 
derivative of ricinoleic acid®, it was decided to use crude castor oil fatty acids as a 
starting material. Cold saponification of castor oil according to the method of Jakés 
and Hokl!° resulted in incomplete reaction, while the more usual method of saponifying 
with alcoholic alkali under reflux" yielded a product in which some interesterification 
had taken place, together with a small amount of dehydration. It was decided to use 
the latter method on the grounds that the polymerized acids are more readily separable 
from fatty acid mixtures than are glycerides, while a diethenoid acid is already present’. 

From a study of the literature and bearing in mind the extremely reactive nature 
of ricinoleic acid it appeared that the most promising line of attack would be the use 
of purely physical methods for the isolation of ricinoleic acid, avoiding the subjection 
of the acids to any temperatures exceeding 25°C. 

Preliminary experiments using selective extraction proved unsuitable and it was 
decided to investigate fully the low temperature crystallization methods largely developed 
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by Brown and his co-workers!®, Experiments using ethyl and methyl alcohols as 
solvents indicated that the solubility of ricinoleic acid in these solvents was too high 
to allow efficient separation from linoleic acid!* and it was decided to use acetone as 
recommended by Brown and Green®. 

Systematic fractional crystallization of castor oil fatty acids into five fractions followed 
by re-crystallization of the fractions separating at —40°C. and —50°C. indicated the 
feasibility of this method for the isolation of pure ricinoleic acid. 

The —40°C. and —50°C., fractions were accordingly separated from a larger batch 
of fatty acids and after repeated re-crystallizations from approximately 5 per cent 
solutions at —70°C, these yielded samples of ricinoleic acid of over 99 per cent purity. 





EXPERIMENTAL 


Equipment. Crystallizations were carried out in well-lagged dry ice-alcohol baths 
of sufficient size to accommodate flasks of capacities up to 5 litres. Similar baths 
were used for the filtration for which sintered glass Buchner funnels (porosity 3) were 
used in a manner similar to that described by Smith!*. In all cases temperatures were 
maintained constant to within +1°C. 

Procedure. 1 litre of castor oil was dissolved in 1 litre of 95 per cent ethanol in a 
4-litre flask and a solution of 150 grams of sodium hydroxide in 150 ml. of water added 
slowly with constant swirling. The solution was then heated under reflux on a boiling 
water bath for two hours and allowed to stand overnight. The alcohol was distilled 
off, the latter portion being removed under reduced pressure, and the soaps dissolved 
in two litres of hot water on a boiling water bath. The soap solution was transferred 
to a 4-litre beaker and the fatty acids split by the addition of 400 ml. of hydrochloric 
acid (sp. gr. 1-15). 

As much fatty acid as possible was decanted and the aqueous layer, together with 
the remainder of the fatty acids extracted with two 500 ml. portions of ether. 
The decanted acids were extracted with two 1,000 ml. portions of ether and the ether 
extracts united in a 5-litre separating funnel. The combined extracts were washed 
with three successive 500 ml. portions of distilled water. The ethereal solution was 
dried for two hours over 250 grams of anhydrous sodium sulphate with repeated shaking, 
the drying agent filtered off and washed with two 250 ml. portions of ether. The 
ether was then distilled off, the last traces being removed under reduced pressure. 
After standing overnight the fatty acids were filtered through a sintered glass Buchner 
funnel (porosity 3). 

Crystallization. ‘The acetone used was dried over anhydrous potassium carbonate 
for 48 hours, filtered and distilled using a fractionating column (boiling range 50-4°C. 
to 50-6°C, at 625 mm. Hg. pressure). 

The solution of fatty acids in dry acetone, in a stoppered flask fitted with a propeller- 
type stirrer, was cooled to the required temperature in a dry ice-alcohol bath at an 
average rate of about one degree per minute and was then maintained at that temperature 
for six hours. Continuous stirring was maintained throughout the whole of the 
cooling period. The crystals were separated by filtration in apparatus previously cooled 
to the temperature at which crystallization was carried out. The crystals on the filter 
were not washed since preliminary experiments indicated that no advantage was gained 
by this procedure. After sucking dry the crystals were removed from the filter and 
stored in a refrigerator at 5°C. 

Where necessary, the solvent was removed from the crystals at 20°C. by evacuating 
to a pressure of 15 to 20 mm. Hg and passing a steady stream of pure dry nitrogen 
through the liquid for six hours. 
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Analysis. Todine values were determined by the Wijs method using an excess of 
reagent of at least 150 per cent and a reaction time of 30 minutes. Acid and hydroxy] 
values were determined by methods developed by the author"®, 

Molecular weights were calculated from the acid values, and the percentages of 
ricinoleic acid from the hydroxyl values: the fractions used being regarded as free 
from hydroxylated compounds other than ricinoleic acid. 

Systematic fractional crystallization of castor oil fatty acids into five fractions indicated 
the fractions most suitable for recrystallization to obtain pure ricinoleic acid. Table I 
summarizes the results of such a fractionation on 150 grams of fatty acids dissolved 
in 750 ml. dry acetone. 

It will be noted that the crystals, although left under suction in every case, still 
retained a considerable amount of solvent, varying from 1-9 to 8-27 times the weight 
of the solvent-free acids (cf. Straus ef a/.). 











Iodine value 


TABLE I 
Fraction | C1 | C2 | C3 | C4 | C5 | Final 
| | filtrate 
eee i a he 5 Se 8 S E ot 
cmsein onnim ce wP)| | WS [wow | a | a | 
Weight of crystals from filter (g.) . .. | 14:5 | 223 | 73 | 232 | 163 | . 
Weight of fatty acids after removal of | - ca a 
solvent ster -_ a a | Bows 2 head | 25 | fe ; | - 7 : 
Hydeomylvelee ww ww wks ik: 76-9 | 166-6 | 170-8 | 139-4 | 130-2 | 114-2 
Neutralization equivalent i mE 394: 1 | 323: 8 | 317-0 | 3 366- 7 : 389-5. 347-2 


54-9 : 88-9 | 89-6 | 93-3 | 94-6 | 10: 7 





Fraction C3 was selected for recrystallization at —70°C., this temperature being 
chosen since acids more unsaturated than ricinoleic acid are considerably more soluble 
in acetone than the hydroxy acid at that temperature!*, while losses of ricinoleic acid 
in the mother liquor would be minimized. The results of two recrystallizations at 
—70°C, are summarized in Table II. 

Four recrystallizations of fraction C2 at —70°C. yielded a product (C2/4) containing 
95-5 per cent of ricinoleic acid. 

The fatty acids used in the above experiments had been stored-in the dark for almost 
a year, during which time the acid value had fallen from 183-6 to 165-6, while the 
iodine value had increased from 88-3 to 90-0. Freshly prepared fatty acids, therefore, 
were used for subsequent experiments. 

A 500 gram batch of fatty acids was crystallized from dry acetone at —30°C., —40°C. 
and —50°C. using concentrations similar to those shown in Table I. No attempt 
was made to remove the solvent from the second and third fractions which were stored 
in glass-stoppered bottles in a refrigerator at 5°C. 

The —50°C. fraction (D3) was recrystallized seven times from dry acetone at —70°C., 
the residue from the filter being made up to about five times its volume at 5°C. with 
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TABLE II 

Fraction Gs C3/1 C3/2 
Crystallization temperature (°C.) .. as a —50 —70 —70 
Concentration of solution (per cent w/v) Px 10-8 5-0 5-0 7 
Weight of crystals from filter (g.) - os 73 74 it 37 
Weight of faity acids after removal of solvent (g.) 25 5-5 8-5 
Hydroxyl value... 0s. ws ee | 1708 | 172-4 | 175-4 
Neutralization equivalent .. as si i | 317-0 314-4 313-4 
lodine value ee ek et | 89-6 | 86-4 85-4 
Percentage ricinoleic acid .. es ne 5a 90-8 | 91-7 93-4 





fresh solvent for each recrystallization. (This resulted in a concentration of not more 
than five per cent.) The solvent was removed from the final product as detailed above. 
Yield: 6-5 grams (D3/7). 

The —40°C. fraction (D2) was then recrystallized ten times at 70°C. in an exactly 
similar manner. Yield: 30-4 grams (D2/10). 

Data for these two preparations are summarized in Table III. 


























TABLE III 
Calc. for 
D2/10 | D3/7 | CygHs0O3 
Ultimate analysis, carbon (per cent) .. = a 72-34 | 72-39 72-43 
Ultimate analysis, hydrogen (per cent) Ks a 11-43 | 11-44 11-48 
Iodine value ne ae i - - eh 84-9 85-2 85-05 
Neutralization equivalent .. .. ..  .. | 298-3 | 298-7 | 298-45 
Hydroxyl value .. ee es ae oe .. | 186-2 | 186-9 187-96 
Percentage ricinoleic acid (calc. from hydroxyl value) | 99-1 99-4 -- . 














The filtrates from the final crystallizations were used to determine the approximate 
solubility of ricinoleic acid in dry acetone at —70°C. This was found to be 0-38 gram 
per 100 ml. in each case. 

The author records his thanks to Professor H. Stephen for his interest and encourage- 
ment during the course of this investigation; to Mr. J. D. Simpson for carrying out 
the ultimate analyses; and to the Council for Scientific and Industrial Research for a 
subsistence allowance. 


University of the Witwatersrand, 
Johannesburg. Received May 20, 1948. 
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THE SPECTROCHEMICAL DETERMINATION OF HIGH PERCENTAGES 
OF ANTIMONY IN ANTIMONIAL LEAD 


by 
T. J. HUGO and A. STRASHEIM 


OPSOMMING 


’n Metode vir die spektrochemiese bepaling van antimoon in hooglegeerde, binére lood-antimoon 
legerings word beskryf. ’n Hoogspanningsvonk dien as opwekkingsbron. Die akkuraatheid van 
die metode is beter as 3 persent standaard-afwyking oor die konsentrasie gebied 2-4 persent Sb — 
16-3 persent Sb. 


SUMMARY 


A method is described for the spectrochemical determination of high percentages of antimony in 
binary lead-antimony alloys. High-voltage spark excitation is used. The accuracy of the method is 
better than 3 per cent for the concentration range from 2-4 per cent to 16-3 per cent of antimony. 


INTRODUCTION 


The determination of high percentages of antimony in lead is of importance in the 
storage battery manufacturing industry. The concentration of antimony usually 
encountered is from 4 per cent to 12 per cent. The conventional wet chemical deter- 
mination consumes too much time to be ideally suitable for production control. 

A spectrochemical method has been developed for the determination of antimony 
and tin in linotype alloys. It was felt, therefore, that a suitable spectrochemical method 
for production control should be developed for the analysis of antimony in binary 
lead-antimony alloys. 


Apparatus 


A medium quartz spectrograph (Hilger E498) was used. With this instrument the 
spectral region from 2000 A. to 4000 A. was dispersed over 7 inches in the focal plane 
of the camera lens. The electrode holder was a modified Scribner-Corliss? arc-spark 
stand which was designed and built in the C.S.I.R. workshops. 

An A.R.L. high-voltage spark unit furnished the excitation. Other equipment 
included a constant temperature developing machine and a hydrogen discharge tube 
of the type described by Allen and Franklin’. This discharge tube was used for plate 
calibration in conjunction with a stepped slit. 

Density measurements were carried out with a Leeds and Northrup recording 
microphotometer. 


Preparation of standards 


Standards were prepared by weighing out quantities of granular lead and antimony 
into a graphite crucible. The weights of the standards were about 100 grams. The 
crucible was placed on a fire brick and heated by means of an oxy-acetylene hand torch. 
The flame was at first adjusted so that a thin layer of carbon dust was deposited on the 
surface of the mixture of metals. The mixture was then further heated by a cool 
oxy-acetylene flame. The layer of carbon dust prevented any oxidation of the metals. 
The melt was constantly shaken in such a manner that the molten metal was subjected 
to a circular motion. 
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The melt was constantly shaken in such a manner that the molten metal was subjected 
to a circular motion. 








JOURNAL OF THE SOUTH AFRICAN CHEMICAL INSTITUTE Vol. IJ, No. 1 





After three or four minutes the melt was poured into a cast of mild steel. The 
9 mm. rods so obtained were then cut up, re-melted in the presence of carbon dust, 
and recast. This process was repeated four times. Before the final casting the layer 
of carbon dust was burned away by heating the metal for a few seconds with a hot flame. 

According to this procedure homogeneous standards were obtained. Standards 
containing 16-26 per cent, 13-48 per cent, 7-81 per cent, 5-7 per cent, 2-77 per cent 
and 2-40 were prepared. The standards were machined down to flat-ended cylindrical 
rods of 8 mm. diameter. These standards formed the lower electrodes. The upper 
electrodes were } inch cone-shaped graphite rods with hemispherical tips of 7 inch 
radius of curvature!. 


Development of analytical procedure 


To expedite the analytical procedure, line pairs must conform to the following 
primary conditions :— 


(2) The analysis and internal standard lines should have about the same wave- 
length to avoid the necessity for two plate calibration curves. 





(b) The lines should lie between 2400 A. and 3300 A. This was found necessary 
because of the rapid decrease in plate sensitivity for wavelengths lower than 
2400 A. and to prevent interference from the cyanogen bands above 3300 A. 


y 


ge Sb 2851 -1/Pb 2864 5 


ee Sb 2682-8/Pb 2697-5 
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| Sb 2727-2/Pb 2717-5 
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Sparking-off curves for possible line pairs. 
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(¢) Preferably the lines should be free from background interference because 
background corrections increase the amount of calculation by nearly half. 
This condition eliminates all lines above 2780 A. and in the interval 2500 A. — 
2670 A., where an intense background is produced by the diffuse lead lines 
of the spark spectrum. 


These conditions limit the possible line pairs to the following six :— 


Sb 2426-4 /Pb 2428-6*. 
Sb 2682-8 /Pb 2697: 
Sb 2692-3 /Pb 2697- 
Sb 2718-9 /Pb 2717: 
Sb 2727-2/Pb 2717: 
Sb 2851-1/Pb 2864- 


unm om Wm 


* All wavelengths taken from M.I.T. Wavelength Tables. 


Tc 


» select the most suitable line pair or pairs the sparking-off effects for the different 


line pairs were investigated as well as the effects of spark length and secondary inductance 
in the spark circuit. 


Log intensity ratios 
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Electrode separation 


FIG. 2 


The effect of electrode separation on log intensity ratios. 
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The curves for the sparking-off effect are given in Fig. 1. No excessive sparking-off 
effect is observed for any one of the line pairs. From these curves it is also clear that 
no pre-sparking period is necessary before photographing the spectra. A 10-second 
pre-sparking period was nevertheless decided upon to eliminate any accidental con- 
tamination of the sparking surfaces. 

From Fig. 1 it is also clear that it is impossible to delete any line pair on account 
of excessive sparking-off effects. The line pairs Sb 2718-9/Pb 2717-5 and Sb 2682-8 / 
Pb 2697-5, however, were dropped because their log intensity ratios were found to 
give unsatisfactory reproducibility. 

The effects of variations in the spark length (Fig. 2) and variations in the secondary 
inductance (Fig. 3) immediately rule out the line pairs Sb 2851-1/Pb 2864-5 and 
Sb 2727-2/Pb 2717-5 because of the sensitivity of their log intensity ratios to changes 
in excitation conditions. 

The curves for varied spark length and inductance give no conclusive evidence as 
to the most suitable electrode separation or secondary inductance. The electrode 
separation was chosen at 4 mm. because the spark generator gave its most constant 
performance for this distance. To reduce the background to a minimum the secondary 
inductance was chosen at the lowest value, viz., 0-045 millihenry. 








02- 
Sb 2851.1 /Pb 2864-5 
or 
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A» 
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£16r 
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FIG. 3 


The effect of secondary inductance on log intensity ratios. 








Dei If, No. 1_JOERNAAL VAN DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 11 





Table I gives the analytical conditions which were found to be the most suitable. 


TABLE I 
Analytical conditions. 





és .. | § kVA. high-voltage spark. 

Secondary inductance .. | 0-045 millihenry. 

Primary voltage 60 volts. 

Exposure ina .. | 40 seconds. 

Pre-spark = .. | 10 seconds. 

Photographic plate Ilford thin film halftone. 

Slit width si 0-02 mm. 

Processing Developed in 1:1 LD. 13 at 18°C. for 6 minutes. 
Fixed in F5 for 10 minutes. 

} inch graphite, hemispherical cone. 

Sb 2426 -4/Pb 2428-6 and Sb 2692-3 /Pb 2697-5. 


Power 


Upper electrode 
Analysis line pairs 





Percentage transmission or microphotometer readings 
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| | Se Rreet J | Bases 





10 100 


Relative intensities 


FIG. 4 


Plate calibration curve. 
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Working curves 


Working curves were derived from 15 spectra of each standard. These spectra were 
photographed under the conditions listed in Table I, and distributed over four plates. 
The microphotometer readings were converted into relative intensities by means of 
the plate calibration curve (Fig. 4). The plate calibration curves were obtained for 
every plate by means of the hydrogen continuum and the stepped slit. 

The working curves are drawn as log intensity ratio against log concentration 
ratio (log per cent Sb/per cent Pb). This gives a straight line for the line pair Sb 2692-3 / 
Pb 2697-5 over the whole concentration range and a straight line for Sb 2426-4/ 
Pb 2428-6 for concentrations higher than 5 per cent antimony (solid lines in Fig. 5). 
At the lower concentrations the intensity of the analysis line of antimony at 2426-4 A. 
becomes comparable to the background intensity. This causes the working curve of 
the line pair Sb 2426-4/Pb 2428-6 (Fig. 5) to curve away from the log concentration 
axis. It is advisable, therefore, to disregard the line pair Sb 2426-4/Pb 2428-6 for 
concentrations below 5 per cent antimony. 

Unknown samples are melted and cast, using the same technique as for the standards. 
The samples, however, are recast once only. By melting the sample and casting it 
the effect of the metallurgical history‘ is eliminated. The time taken for casting the 
samples is less than 4 minutes per sample. 











Work ° 
——— “Sb 2692-3/Pb 2697-5 
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Working curves. Concentration of antimony is expressed as percentage concentration (broken lines) 
and as concentration ratio (solid lines). 
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Accuracy 


The standard deviation of the analysis values is calculated at every concentration 
for each line pair. The values are given in Table II. The standard deviations for the 
combination of the two line pairs are also given in Table II. 




















TABLE II 
Accuracy of spectrochemical determinations. 
| Spectrochemical values Standard deviations 
Wet |) S| A _——_ - — j—$_$—___ —_—_ 
chemical Sb 2426-4 Sb 2692-3 | Sb 2426-4 Sb 2672-3 
value | —————— | —————_ || Combined line | —————_ —_—— | Combined line 
Pb 2428-6 | Pb 2697-5 pairs Pb 2428-6 Pb 2697-5 pairs 
| Per cent Per cent Per cent 
| 16-30 16°35 16-33 
16-26 | 16-65 15-85 16-20 2-74 3°16 0-04 
16°35 16-00 16-18 
| 15-6 | 17-00 16-30 
13-65 | 13-40 13-53 
13-48 13-40 13-00 13-20 1-85 3-08 1-57 
| 13-60 13-80 13-70 
| 13-10 | 13-90 13-50 
| 818 | 7-50 7-84 
7-81 | 7°65 } 7-90 7-78 3-62 3-37 0-39 
7-56 8-07 7°81 
| 7-65 | 8-00 7-82 
| 600 | 5-65 5-82 
5-7 5-82 | 5-58 5-70 3-8 1:47 1-96 
5-59 5-74 5-62 
| 5-54 5-65 5-60 
| 
| _ 2-93 — 
a | 2-80 o— - 3-95 - 
— | 2-70 — 
_ 2-82 — 
| 
_ 2-6 —_ 
2°40 2-44 — — 1:7 — 
| 2-41 — 
| 2-38 — 
Average of standard deviations (per cent): 3 2°8 0-99 














(Every analysis value is the average of three individual determinations. ) 


Because the effects of varied inductance on the log intensity ratios of the line pairs 
are in opposite directions, an increase in accuracy can be expected by combining the 
two line pairs. The influence of varied electrode separation shows the same effect, 
though much less markedly. This expected increase in analytical accuracy for the 
combination of the line pairs is also illustrated in Table II. 

The method described is reliable, accurate and fairly fast and should be suitable for 
production control of binary lead-antimony alloys. 
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DIE KONSTITUSIE EN PIROLISE VAN ’N PAAR 
PIROFOSFORSUURESTERS 


deur 
J. H. CRONJE 


SUMMARY 

Di-ethylpyrophosphate (C,H,,P,O,) is obtained by the action of P,O, on abs. alcohol. The analyses 
of the ester and its barium-salt (C,H, 9P,0,Ba), the determination of its molecular weight, the preparation 
of the guanidine compound and the isolation and analyses of the barium salts of ethyl phosphate 
(C,H,;PO,Ba.H,O), di-ethyl phosphate (C,H,9P,0,Ba), and phosphoric acid (H,;PO,) from the products 
of hydrolysis in water, prove that a mixture of the symmetrical and asymmetrical ester is formed. On 
pyrolisis the ester yields ethylene, amylene and hexylene. 

Di-hexyl pyrophosphate (C,,H,,P,O,), is obtained by the action of P,O, on abs. m-hexanol and on 
pyrolisis 80 per cent hexylene and 20 per cent di-hexylene were obtained. 

By the action of P,O, on tertiary butanol water is eliminated from the alcohol with the formation 
of iso-butylene which “immediately polymerizes to di- and tri-iso-butylene. 


OPSOMMING 

Dietielpirofosfaat (CyH,,P,0,), vorm deur die reaksie tussen P,O, en abs. alkohol. Die analises 
van die ester en sy bariumsout (C,H,)P,O0,Ba), die bepaling van sy molekulére gewig, die bereiding 
van die guanidienverbinding en die isolering en analise van die bariumsoute van etielfosfaat 
(C,H;PO,.Ba.H,O), dietielfosfaat (CgH,)P,0,Ba), en fosforsuur (H,PO,) uit die hidrolise-produkte 
in water bewys dat ’n mengsel van simmetriese en asimmetriese ester gevorm het. Die pirolise van 
die ester lewer etileen, amileen en heksileen. 

Diheksielpirofosfaat (C,2HagP,0,), vorm deur die reaksie van P,O, op abs. -heksanol en die pirolise 
lewer 80 persent heksileen en 20 persent di-heksileen. 

Deur die inwerking van P,O,; op tersiére butanol vind waterafsplitsing uit die alkohol plaas met 
die vorming van iso-butileen wat dan dadelik tot di- en tri-iso-butileen polimeriseer. 


Esters van forforpentoksied en koolwaterstowwe 
Langheld en medewerkers' het gevind dat eter soos volg met fosforpentoksied reageer 
om etiel-metafosfaat te vorm:— 
(C,H;),0 + P,O; = 2 C,H,O.PO, I 
Die ester hidroliseer by gewone temperature om simmetriese en asimmettiese piro- 
esters te lewer. Die simmetriese ester is besonder bestendig in waterige oplossing. 


O.C,H; 
O=P—OH 
| 
——> O simmetriese dietiel- 
| pirofosfaat 
O=—P—OH 
| 
O.C,H, 
2 C,H;O.PO, + H,O —_— I 
O.C,H,; 
O=P—O.C,H 
| 
es O asimmetriese dietiel- 
| pire »fosfaat 
O=P—OH 


OH 
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Die simmetriese dietielpirofosfaat hidroliseer verder tot etielfosfaat en die asimmetriese 
dietielpirofosfaat tot fosforsuur en dietielfosfaat :— 


O.C,H, 
o-P_on O.C,H,; 

b + H,O = 2 Ont—0H Il 
o=P_oH OH ~ 

b.cth 

en 

O.C,H, 
On8-0.C,H, O.C,H,; OH 

b +H,O = o-8-0.c.H, + Ont-0n IV 
o=?_0H bus bu 

bi 


Plimmer en Burch? het egter gevind dat die ester wat gevorm word deur die inwerking 
van fosforpentoksied op eter die dimeer is van etiel-metafosfaat en hulle formuleer 
dit soos volg:— 


Wertyporoch en Kiekenberg* het die resultate van Plimmer en Burch bevestig, 
maar formuleer die ester soos volg:— 


O.C,H, O.C,H; 
O=P—O.C,H, ont .CyHs 
b + H,O = b VI 
o-<0 Ont-OH 
bu 


Wagner-Jauregg en Griesshaber* kom tot die gevolgtrekking dat geen asimmetriese 
ester deur die hidrolise van dietielpirofosfaat ontstaan nie, en indien wel dan slegs 
in sulke klein hoeveelhede dat die isolering daarvan nie moontlik is nie. 

Dit is ook bekend dat pirofosforsuur etileen absorbeer (Miiller®) en die gebruik 
daarvan tesame met ortofosforsuur as katalisator vir die olefienpolimerisasie is deur 
’n Britse Patent gedek®. 

Die pirolise van die esters wat hierbo bespreek is, is nog nie ondersoek nie. 
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Di-etielpirofosforsuurester’ 


Die ester word verkry deur die inwerking van fosforpentoksied op abs. alkohol 
soos volg:— 





O.C,H; 
| 
O=P—OH 
| 
—s O simmetriese dietiel- VII 
| pirofosfaat 
O=P—OH 
O=P=O | 
l O.C,H, 
O + 2C,H;0H —— 
| 
O=P=O O.C,H; 
| 
O=P—O.C,H, 
| 
———» O asimmetriese dietiel- VIII 
| pirofosfaat 
O=P—OH 
| 
OH 


Die analise van die ester lewer: 21-88 persent koolstof, 6-20 persent waterstof en 
26-3 persent fosfor. Die berekende waardes vir C,H,,P,O, is 20-51 persent koolstof, 
5-13 persent waterstof en 26-5 persent fosfor. 

Die bariumsout is berei deur die behandeling van ’n alkoholiese oplossing van die 
ester met ’n oplossing van bariumoksied in alkohol. Volgens die analise bevat hierdie 
sout: 37-3 persent barium, 16-7 persent fosfor, 11-7 persent koolstof en 2-81 persent 
waterstof. Bereken vir die sout, C,HygP,O0,Ba, is die teoretiese waardes: 37-2 persent 
barium, 16-8 persent fosfor, 12-99 persent koolstof en 2-71 persent waterstof. Hierdie 
resultate toon sonder twyfel dat daar twee etiel-alkoholreste aan een molekuul fosfor- 
pentoksied gebind is en dat die verbinding net een barium atoom per molekuul bevat. 
Hierdie sout kom in eienskappe en samestelling ooreen met die bariumsout van dietiel- 
pirofosfaat wat Langheld op ’n ander manier berei het. Volgens sy beskrywing® is 
die soute deur hom en skrywer hiervan berei absoluut identies. Skrywer vermoed 
egter ’n drukfout in hierdie publikasie, aangesien Langheld C,H,,O,PBa aangee as 
die formule van die sout, maar die berekende waarde vir die persentasie barium as 
37-1 persent aangee en die verkreé resultaat as 37-4 persent. Die persentasie barium 
bereken vir die verbinding, CyH,gO,PBa, is 40-6 persent, terwyl die waarde bereken 
vir C,H,,O,P,Ba op 37-19 persent te staan kom. Die dietielpirofosfaat kan ook nie 
net een atoom fosfor in die molekuul bevat nie, aangesien dit dan nie die piro-ester 
kan wees nie. Dit is dus duidelik dat daar ’n drukfout ingesluip het en dat die formule 
C,H, ,O,P,Ba behoort te lees i.p.v. CyHjgO,PBa. Die bariumsout het dus 6f formule 
IX of formule X na gelang daarvan of elke fosforatoom van die ester een etielalkoholres 
bevat en of albei alkoholreste aan dieselfde fosforatoom gebind is. 
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O.C,H; O—Ba 
0-8-0 o-P—d 

b Bs Ix ‘ x 
O= _d O= ep —O Ci, 

b.cn, b.cH, 


Die molekulére gewig van die ester, volgens die metode van Rast, is 244 en bereken 
vir dietielpirofosfaat is dit 234. 
Die produk verkry deur die inwerking van fosforpentoksied op abs. alkohol kan 
dus net dietielpirofosfaat wees. 
Dit is volgens die beste wete van skrywer hiervan die eerste keer dat hierdie verbinding 
sodanig berei en geisoleer is. 
NH, 


Met guanidienkarbonaat [(HN = ‘. NH,),H,CO,] vorm  dietielpirofosfaat 
(C,H,,P,0,) ’n stroopagtige vloeistof wat onoplosbaar is in kloroform, maar uiters 
oplosbaar in water. Die verbinding is ook uiters higroskopies. Die analise van 
hierdie verbinding lewer: C, 20-51 persent; H, 6-7 persent; N, 8-02 persent; 
P, 23-4 persent. 

Plimmer en Burch beskrywe ’n guanidienderivaat van dietielpirofosfaat wat teoreties 
N, 14-2 persent en P, 21-4 persent bevat. | Hulle verbinding moet klaarblyklik die 

NH, 


volgende wees nl. : (HN=C—NH,)C,H,,P,O,, wat bogenoemde teoretiese waardes besit. 

Volgens die analise van die verbinding wat egter deur skrywer daargestel is, moes 

twee molekule dietielpirofosfaat met een molekuul guanidien verbind het om die 
NH, 


volgende guanidiensout te vorm nl.: (HN=C—NH,) (C,H, ,P,0,),, met die volgende 
teoretiese waardes: C, 20-5 persent; H, 5-5 persent; N, 8-0 persent; P, 23-5 persent. 

Hierdie waardes stem goed ooreen met die verkreé resultate hierbo. 

Dat die verkreé verbinding ’n guanidiensout is, blyk uit die feit dat geel kristallyne 
guanidienpikraat berei kan word deur toevoeging van ’n pikriensuur-oplossing by ’n 
oplossing daarvan. Die guanidienpikraat wat so berei is, het ’n smeltpunt van 
329°C. — 330°C. in die Koflerapparaat. ’n Monster guanidienpikraat berei uit guanidien- 
karbonaat en pikriensuur het ook ’n smeltpunt van 329°C. — 330°C. ; Plimmer en Burch 
het ’n smeltpunt van 316°C. gevind vir hulle guanidienpikraat. Die smeltpunt van 
guanidienpikraat word aangegee as 330°C.® en 333°C.10, 

Uit oplossings van dietielpirofosfaat in water kon nadat hulle vir 46 uur op ’n waterbad 
verwarm is en 141 uur by kamertemperatuur gestaan het (a) etielfosfaat (C,H,PQO,), 
(d) dietielfosfaat (CyH,,PO,) en (¢) fosforsuur (H,;PO,) geisoleer word. 

(2) Bariumetielfosfaat (C,H;PO,Ba.H,O) is berei en geisoleer, en die analise 
lewer: 49-40 persent barium, en 11-07 persent fosfor. Die berekende waardes 
vir bariumetielfosfaat is 49-2 persent barium en 11-1 persent fosfor. 

Langheld (4c. cit.) en Plimmer en Burch (/oc.-cit.) het ook hierdie sout geisoleer uit 
die hidrolise-produkte van etielmetafosfaat (CyH9P,O,). 
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Etielfosfaat is ook volgens die voorskrifte van Wagner-Jauregg (/oc. cit.) geidentifiseer 
in die hidrolise-produkte deur die verbinding wat dit vorm met brusien. Dit het ’n 
smeltpunt van 159°C. - 160°C. wat ooreenstem met dié wat genoemde outeure aangee. 


(b) Barium-di-etielfosfaat (C,H g9P,0,Ba) is berei, geisoleer en geanaliseer en die 
analise lewer: 31-05 persent barium en 13-9 persent fosfor. Die berekende 
waardes vir barium-di-etielfosfaat is 30-98 persent barium en 14-0 persent 
fosfor. Hierdie sout is ook reeds deur Langheld (/oc. cit.) en Plimmer en 
Burch (Joc. cit.) geisoleer uit die hidrolise-produkte van etielmetafosfaat. 


(¢) Fosforsuur (H,;PO,) kon ook na hidrolise in die oplossings aangetoon word 
met ammoniummolibdaat. 


Die di-etielpirofosforsuurester is dus ’n mengsel van die simmetriese en asimmetriese 
esters. (Formules VII en VIII.) 

Die verskil in titrasie-waardes vir dietielpirofosfaat oplossing met 0-1N-NaOH 
wat gevind word met metieloranje en fenolftaleien indikatore, is niks vreemds nie, 
aangesien dit bekend is dat hulle verskillend reageer met fosfate, soos blyk uit die 
tabel hieronder™. 


Fosfaat Metieloranje Fenolftaleien 
Na,PQO, .. ne - .. alkalies alkalies 
Na,HPO, ve ™ .. alkalies neutraal 
NaH,PO, . os .. neutraal suur 


Etielfosfaat (C,H,PO,) en di-etielfosfaat (CyH,,PO,) reageer soos ’n di-basiese en 
mono-basiese suur respektiewelik!2. 

In Tabel I word die teoretiese waardes aangegee vir die titrasie van 25 ml. van die 
ester en die hidrolise-produkte van beide die simmetriese en asimmetriese esters 
(Formules III en IV), met 0-1N-NaOH asook die waardes wat prakties gevind is 
met fenolftaleien. In die berekening van die teoretiese waardes word veronderstel dat :— 


(1) Albei die OH-groepe van dietielpirofosfaat, 

(2) albei die OH-groepe van etielfosfaat, 

(3) die een OH-groep van dietielfosfaat, en 

(4) twee van die OH-groepe van fosforsuur deur NaOH geneutraliseer word. 


TABEL I 
(Sien eksperimentele deel.) 





Titrasie-waardes: ml. 0-1N-NaOH 











Oplossing | Hidr. prod. Hidr. prod. Prakties gevind 

Ester asim-ester sim-ester in finale 
(teor.) (teor.) (teor.) titrasie 

a (6-1g.) | 26:03 39-05 52-06 =| 33-20 

b (4:72 g.) | 20-15 30-25 40-3 30-85 

¢ (5°67 g.) | 24-22 | 36-33 48-44 37-85 
+1-17 +1-17 +1-17 

d(5:91g.) | 25-24 37-86 50-48 | 32-1 
| 











Uit die titrasie-waardes wil dit voorkom asof die ester nie sodanig in water opgelos 
is nie en dat dit reeds na die opmaak daarvan in water tot ’n sekere mate gehidroliseer 
het of gedurende die titrasie met NaOH gehidroliseer het. 
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Volgens die titrasie-waardes wat prakties gevind is en die berekende waardes wil 
dit voorkom of die asimmetriese ester die hoof bestanddeel uitmaak van dietielpirofosfaat ; 
daarenteen is by die bereiding van die bariumsoute van etiel- en di-etielfosfaat uit 
die hidrolise-produkte gevind dat groter hoeveelhede van die etielfosfaat as van die 
dietielfosfaat gevorm word (eksperimentele deel). 

As gevolg van die analise van die ester en die bariumsout wat daaruit berei is, die bepaling 
van sy molekulére gewig, die bereiding van die guanidien-verbinding en die isolering en analise 
van die bariumsoute van etielfosfaat, dietielfosfaat en fosforsuur uit die hidrolise-produkte in 
water kan ’n mens net tot een gevolgtrekking kom, naamlik dat’n mengsel van simmetriese en 
asimmetriese dietielpirofosfaat vorm deur die reaksie tussen fosforpentoksied en abs. alkohol. 


Di-heksielpirofosforsuurester 


Proewe om diheksielpirofosfaat te berei deur die inwerking van fosforpentoksied 
op primére normaal-heksanol is uitgevoer op analoé wyse soos vir die bereiding van 
dietielpirofosfaat. ’n Bruin stroopagtige vloeistof het gevorm met ’n molekulére gewig 
van 356 soos bepaal volgens Rast. 

In proewe waar die inwerking van fosforpentoksied op tersiére butanol bestudeer 
is, het, soos verwag kan word, hoofsaaklik waterafsplitsing uit die tersiére alkohol 
plaasgevind om isobutileen te lewer. Dit is egter uiters interessant om te sien dat die 
iso-butileen dadelik polimeriseer tot di- en tri-mere en dat geen iso-butileen sodanig 
verkry is nie. Die olefiene word versigtig afgegiet en die oorskot in die reaksiefles 
word by 56°C. vir vier uur ge-evakueer. Die oorskot word nou tot by 220°C. verhit 
en lewer 0-7 g. di-isobutileen en ’n weinig water. Dit is heeltemal duidelik dat die 
0-7 g. di-isobutileen wat hier gevorm is nie as gevolg van die opbreking van ’n groot 
hoeveelheid ester kon geskied het nie, aangesien baie groter hoeveelhede moes gevorm 
het indien dit wel die geval was. Dit is hoogswaarskynlik dat hierdie klein hoeveel- 
heid di-isobutileen sodanig in die taaierige reaksie-produk agtergebly het en dus nie 
deur die evakuering verwyder is nie. In hierdie geval skyn dit dus of geen ester gevorm 
het nie. Pirofosforsuur is ge-identifiseer in die oorskot na verhitting. 

By die pirolise van dietielpirofosfaat ontstaan etileen asook vloeibare olefiene, 
naamlik, amileen (C;H,,9) en heksileen (C,H,,). FFosforpentoksied onttrek dus water 
uit etanol en lewer etileen, intermediér vorm die ester. Die opbreking van die ester 
begin by 180°C. en by 300°C. is die opbreking voltooi en kon die oorskot in die reaksiefles 
as pirofosforsuur geidentifiseer word. 

Deur die inwerking van fosforpentoksied op etanol ontstaan dietielpirofosfaat en 
dit wil voorkom of ’n analoé ester ontstaan deur die inwerking van fosforpentoksied 
op primére normaal-heksanol soos gestaaf deur die molekulére gewig bepaling. Deur 
die pirolise van hierdie esters ontstaan die ooreenkomstige olefiene en hulle polimere. 
Die pirolise van hierdie esters kan dus as analoog beskou word met dié van die esters 
verkry deur die inwerking van fosforsuur op die olefiene, soos deur Ipatieff voorgestel. 

Die pirolise van die pirofosforsuuresters kan ook beskou word as ’n verdere bewys 
van die opvatting dat‘ die katalisator met die groeiende polimeer geassosieer is. Dit 
is in teenstelling met die opvatting van vrye radikaal-polimerisasie waarby die katalisator 
hoegenaamd nie in assosiasie is met die polimeriserende stowwe nie, maar slegs net 
’n katalitiese invloed uitoefen. In die twee gevalle wat bestudeer is, is die piro-esters 
dus ’n tussenproduk in die polimerisasie van die olefiene. 

In die geval van tersiére butanol skyn dit dus ook nie onmoontlik te wees om die 
ester wat intermediér vorm te berei nie, indien ’n mens b.v. by lae temperature en 
onder druk werk sodat die kritiese temperatuur vir die opbreking van die ester nie 
oorskry word nie. 
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Skrywer is dus die mening toegedaan dat die polimerisasie van die olefiene in die 
teenwoordigheid van fosforpentoksied oor die ester verloop wat primér gevorm word. 
Hierdie esters skyn uiters labiele en onbestendige verbindings te wees. 


EKSPERIMENTELE DEEL 


A. DIETIELPIROFOSFAAT 

(i) Bereiding 

42-6 g. Fosforpentoksied word geleidelik in ’n oormaat abs. etanol in ’n drienekfles 
wat voorsien is van ’n roertoestel en ’n terugvloeikoeler, gevoeg. Na afloop van die 
reaksie word die oormaat alkohol sorgvuldig onder uitsluiting van vogtigheid in 
vakuum afgedistilleer by 56°C. Die dietielpirofosfaat is ’n ligte, stroopagtige vloeistof. 
Die analise lewer:— 

Fosfor, 26-3 persent; koolstof, 21-88 persent*; waterstof, 6-20 persent*. 


Die berekende waardes vir CyH,.P,O, is:— 
Fosfor, 26-5 persent; koolstof, 20-51 persent; waterstof, 5-13 persent. 


(ii) Bereiding van die bariumsout van die ester 


Die bariumsout is berei deur ’n oplossing van die ester in abs. alkohol te behandel 
met ’n oplossing van bariumoksied in abs. alkohol. Die jellie-agtige presipitaat wat 
vorm, word herhaaldelik met abs. alkohol gewas totdat die was-alkohol ’n neutrale 
reaksie vertoon teenoor fenolftaleien. Die sout word oor fosforpentoksied in vakuum 
tot ’n konstante gewig gedroog. Die droé sout so verkry, het die volgende analise 
gelewer:— 

Barium, 37-3 persent; fosfor, 16-7 persent; koolstof, 11-7 persentt; waterstof, 
2-81 persentt. 
Die bariumsout van dietielpirofosfaat besit die formule, CyH,)P,0,Ba, en bevat dus :— 
Barium, 37-2 persent; fosfor, 16-8 persent; koolstof, 12-99 persent; waterstof, 
2-71 persent. 


(iii) Bepaling van die molekulere gewig van die ester 


Die molekulére gewig van die ester is bepaal volgens die metode van Rast. 
0-0364 g. ester in 0-6998 g. kamfer gee ’n verlaging van 8-5°C. en sy molekulere 
gewig is dus 244. Die molekulére gewig uit die formule, C,H,,P,O, is 234. 


(iv) Die guanidien-verbinding van die ester 

Na aanleiding van die publikasie van Plimmer en Burch (/oc. cit.) het skrywer probeer 
om die guanidienverbinding van die ester te berei. 

’n Oormaat dietielpirofosfaat word in kloroform opgelos en met 5 g. guanidien- 
karbonaat vir 20. uur op ’n waterbad verhit. ’n Stroopagtige verbinding word verkry. | 
Dit word opgelos in water, geskei van die kloroform, en gedroog aan ’n vakuumpomp. 


Die analise van die stof het die volgende resultate gelewer:— 


Fosfor, 23-4 persent; stikstof, 8-02 persent; koolstof, 20-51 persentt; 
waterstof, 6-70 persentf. 


*+ Koolstof en waterstof bepalings deur mnr. C. van der Merwe. 
t Koolstof en waterstof bepalings deur mnr. A. Immelman. 
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Hierdie resultate kom nie ooreen met die van Plimmer en Burch nie. Hulle vind 
14-2 persent stikstof en 21-5 persent fosfor in hulle verbinding. 

Deur ’n sterk oplossing van pikriensuur by ’n oplossing van die guanidienverbinding 
te voeg, ontstaan ’n geel kristallyne neerslag wat van pikriensuur vrygewas is met 
eter. Dit word oor fosforpentoksied in vakuum gedroog. Die smeltpunt, bepaal, 
in ’n Koflerapparaat, is 329°C. —- 330°C. wat ooreenstem met die wat in die literatuur 
aangegee word vir guanidienpikraat. 

Die skrywer het verder guanidienpikraat berei deur ’n sterk oplossing van pikriensuur 
by ’n oplossing van guanidienkarbonaat te voeg en die kristallyne neerslag vry van 
pikriensuur te was met eter. Dit het ’n smeltpunt van 329°C. —- 330°C. ’n Mengsel 
van die twee monsters, soos berei, het ’n smeltpunt van 329°C, — 330°C. Deur byvoeging 
van ’n sterk pikriensuur-oplossing by ’n oplossing van die guanidienverbinding met 
dietielpirofosfaat ontstaan dus guanidienpikraat. Dit is ’n bewys dat guanidien ’n 
sout vorm met dietielpirofosfaat. 


(v) Die hidrolise van die ester 
In die proewe wat hierop volg, is die hidrolise van die ester bestudeer:— 

(2) 6:1 Gram van die ester is in water opgelos en opgemaak na 500 ml. Dit is 
by kamertemperatuur laat’ staan en na bepaalde tye is 25 ml. van die oplossing 
getitreer met 0-1N-—NaOH. 

(4) 4-72 Gram van die ester is opgelos in water en opgemaak na 500 ml. Hierdie 
oplossing is aan ’n terugvloeikoeler op ’n waterbad verwarm en van tyd tot 
tyd is 25 ml. daarvan getitreer met 0-1N—NaOH. 

(¢) 5-67 Gram ester is opgelos in water en 25 ml. 0-1N-HC1 (faktor=0-935) 
bygevoeg en opgemaak na 500 ml. Die oplossing is aan ’n terugvloeikoeler 
op ’n waterbad verwarm en van tyd tot tyd is 25 ml. daarvan met 0-1N-NaOH 


getitreer. 
Die resultate verskyn in Tabel I1:— 


TABEL II 
Titrasie-waardes met tyd. 


























Tyd in wr (KT) | Ind. | 0 | 43 67 | 91 | 115 | 163 187 
MO | 22-3 | 22-35 | 22-35 | 22-30 | 22-35 | 22-35 | — 
(a) ml. 0-1N-NaOH ! Rates | oo 
FF “ | 32-85 | 32-85 | 32-85 | 32-85 | 33-20 | 33-2 
| @) Om 

Tyd in uur ml. 0-1 N-NaOH | ml. 0-1 N-NaOH 

wB | XT | Totaal | MO FF MO FF 

0 0 0 17°5 ie 22-15 aes 

9 34 43 17-55 | 29-15 | 22-30 | 36-15 

17 50 67 17-55 | 29-30 | 22-35 | 36-25 

25 66 91 17-70 | 30-05 | 22-40 | 37-35 

33 82 115 17-80 | 30-35 | 22-50 | 37-75 

38 125 163 17-85 | 30-70 | 22-55 | 37-80 

46 141 187 int 30-85 me 37-85 























WB=waterbad KT=kamertemperatuur MO= metieloranje FF=fenolftaleien. 
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(d) In ’n verdere proef is 5-91 g. ester in water opgelos en na 500 ml. opgemaak. 
Onmiddelik na die bereiding gebruik 25 ml. daarvan 31-24 ml. 0-1N-NaOH 
met fenolftaleien as indikator. Teoreties het dit 25-24 ml. 0-1N-NaOH 
nodig vir neutralisasie. Die finale titrasiewaarde is 32-1 ml. na 163 uur by 
kamertemperatuur. 


(vi) Die isolering van etiel- en di-etielfosfaat uit die hidrolise-produkte 


1. Etielfosfaat 


(a2) Barium-etielfosfaat. Na aanleiding van die publikasies van Langheld (sc. cit.) 
en Plimmer en Burch (/oc. cit.) het skrywer probeer om etielfosfaat en dietielfosfaat 
in die vorm van hulle bariumsoute te isoleer uit die oplossings van dietielpirofosfaat 
in water nadat dit op die waterbad verhit is vir 46 uur en 141 uur by kamertemperatuur 
gestaan het. ’n Gedeelte van die oplossing is na byvoeging van fenolftaleien 
geneutraliseer met ’n oplossing van bariumhidroksied. Dit word op ’n waterbad 
verwarm en abs. alkohol bygevoeg tot die eerste spore van troebeling intree. Die 
oplossing is opsy gesit en kristalle in plaatjievorm het uitgekristalliseer. Dit word 
omgekristalliseer uit verdunde alkohol. Die kristalle word oor fosforpentoksied in 
vakuum by kamertemperatuur gedroog. Die analise het die volgende resultate 
gelewer:— 


Barium, 49-4 persent; fosfor, 11-1 persent. Die verbinding, C,H;,PO,Ba.H,O 
bevat barium, 49-2 persent; fosfor, 11-1 persent. 


(b) Die brusiensout van etielfosfaat. Etielfosfaat kon ook volgens die voorskrifte 
van Wagner-Jauregg (/oc. cit.) geidentifiseer word in die hidrolise-produkte deur die 
verbinding wat dit vorm met brusien. 

2-5 Gram dietielpirofosfaat is in 10 ml. water opgelos en daarby is ’n warm oplossing 
van 11 g. brusien in 30 ml. alkohol gevoeg. Nadat dit afgekoel het, is dit in ’n yskas 
geplaas. Na ’n paar dae het kristalle gevorm. Dit is omgekristalliseer uit 75 persent 
alkohol en oor fosforpentoksied in vakuum by kamertemperatuur gedroog. Die 
smeltpunt, in die Koflerapparaat, is 159°C.-— 160°C. Die brusiensout van etielfosfaat 
kon ook geisoleer word uit oplossings (a), (b) en (¢) soos beskrywe onder die hidrolise 
van die ester in (v). Dit het ’n smeltpunt van 159°C. — 160°C. 


2. Dietielfosfaat 


Die bariumsout van dietielfosfaat is as volg berei:— 

Die filtraat nadat barium-etielfosfaat affiltreer is, word droog gedamp op ’n waterbad. 
Dit word uitgeloog met warm 80 persent alkohol. Na dae in die yskas het geen kristalle 
gevorm nie en eers na gedeeltelike indamping het ’n wit sout uitgekristalliseer wat 
nadat dit oor fosforpentoksied in vakuum by kamertemperatuur gedroog is, die 
volgende analise lewer:— 

Barium, 31-05 persent; fosfor, 13-9 persent. Die berekende waardes vir barium- 
dietielfosfaat, (C,H, )PO,),Ba, is: barium, 30-98 persent; fosfor, 14-0 persent. 

Daar word meer barium-etielfosfaat as barium-dietielfosfaat verkry uit die oplossings 
na hidrolise. 


3. Fosforsuur (HzPO,) 


Fosforsuur kon ook in die hidrolise-produkte aangetoon word met ammonium- 
molibdaat. 
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Deur die hidrolise van dietielpirofosfaat ontstaan dus etielfosfaat, dietielfosfaat en 
fosforsuur. Die ester is dus ’n mengsel van beide simmetriese en asimmetriese ver- 
bindings. 


(vii) Die pirolise van die ester 


By verhitting onder gewone druk begin die ester by 180°C. opbreek en gee rook- 
agtige dampe af. Hierdie dampe ontkleur ’n oplossing van broom in kloroform 
asook ’n aangesuurde kaliumpermanganaat-oplossing en is dus onversadig. 

In ’n verdere proef is 8-4 g. van die ester in A verhit (sien diagram). 


Tussen A en B is ’n Liebig kondenser. 

B is by kamertemperatuur. 

C en D word afgekoel tot —18°C. 

E word afgekoel tot —52°C. 

F word gebruik om gas wat afkom op te vang. 


A word stadig verhit en by 180°C. begin ’n gas ontwikkel wat in F opgevang word. 
By 300°C. word die inhoud van die distilleerfles wit en taai en die verhitting word 
gestaak. Die oorblyfsel in A word getoets en pirofosforsuur geidentifiseer. 


In B bly net ’n paar klein druppeltjies vloeistof oor. 
In C en D is 0-3 g. vloeistof. 

In E is 0-4 g. vloeistof. 

In F word 600 ml. gas opgevang. 


Die produkte wat ontstaan het, is as volg ondersoek:— 
Die gas in F (600 mi.) 


Die gas word volgens Orlow" geidentifiseer as etileen. Daar het dus 600 ml. etileen 


gevorm. 
Die inhoud van C, D en E 


Die inhoud van C, D en E word terug gedistilleer in B. Hierdie vloeistof is sterk 
onversadig soos blyk uit die toetse met ’n broomoplossing in kloroform en met ’n 
aangesuurde kaliumpermanganaat-oplossing. Die C-H bepaling is op die gebruiklike 
wyse uitgevoer en lewer die volgende resultate:— 


Koolstof, 85-73 persent; waterstof, 14-21 persent. 


Die teoretiese waardes vir ’n olefien met een dubbelbinding in die molekuul is: 
koolstof, 85-71 persent; waterstof, 14-29 persent. 

Alhoewel baie min van die vloeistof beskikbaar was, is die kookpunt daarvan tog 
bepaal, naamlik 38°C.- 70°C. en dit is dus waarskynlik ’n mengsel van amileen 
(C,H 9), k.p. 39°C. - 40°C. en heksileen (CgHj,), k.p. 67°C. 


B. DIHEKSIELPIROFOSFAAT 
(i) Bereiding 
Die normaal primére heksanol word oor natrium gerektifiseer. 35-2 Gram fosfor- 
pentoksied word langsaam bygevoeg in 50-8 g. heksanol in ’n drienekfles wat voorsien 
is van ’n terugvlueikoeler en roertoestel. Daar is warmteontwikkeling waarneembaar, 
en ’n bruin, stroopagtige vloeistof vorm. Na afloop van die reaksie word die oortollige 
alkohol by 56°C. onder vakuum afgedistilleer. 
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(ii) Bepaling van die molekulere gewig van die ester 


Die molekulére gewig van die ester is bepaal soos reeds beskrywe onder proef A (iii) 
en lewer die volgende resultate:— 


0-0417 Gram ester in 0-8511 g. kamfer gee ’n verlaging van 5-5°C. en sy mole- 
kulére gewig is dus 356. Die molekulére gewig bereken uit formule, 
C,,H.P,0,, is 346. 


(iii) Die pirolise van die ester 

Die apparaat wat hier gebruik word, is analoog met die wat onder proef A (vii) 
beskrywe is. 

33 Gram este1 is verhit. Daar was geen gasontwikkeling in hierdie geval nie. 
16 Gram van ’n helder, kleurlose vloeistof is verkry. Hierdie vloeistof word in ’n 
kolonne gedistilleer en 12 g. distilleer oor van 65°C. -69°C., en 3 g. van 195°C. - 
199°C. Albei fraksies is onversadig en die C-H bepaling het die volgende resultate 
gelewer:— 

(i) Fraksie 65°C. - 69°C. 
Koolstof, 85-74 persent; waterstof, 14-25 persent. 
(ii) Fraksie 195°C. - 199°C. 
Koolstof, 85-72 persent; waterstof, 14-27 persent. 
Hierdie twee fraksies is dus heksileen en di-heksileen respektiewelik. By die pirolise 
van die ester ontstaan dus 80 persent heksileen en 20 persent diheksileen. In die oorskot 
in die distilleerfles kon pirofosforsuut geidentifiseer word. 


C. DIE INWERKING VAN FOSFORPENTOKSIFD OP TERSIERE BUTANOL 


Die tersiére butanol is oor natrium gerektifiseer. 47-4 Gram fosforpentoksied word 
langsaam in 49-3 g. van die butanol gevoeg in ’n drienekfles wat voorsien is van ’n 
terugvloeikoeler en roertoestel. Na afloop van die reaksie dryf bo-op ’n helder laag 
vloeistof wat sorgvuldig afgegiet word. 18-1 Gram van die vloeistof is verkry. Dit 
word in ’n kolonne gedistilleer en 70 persent daarvan distilleer tussen 102°C. en 
106°C. Die temperatuur styg vinnig en tussen 176°C. en 180°C. distilleer die res. 


Fraksie 102°C. — 106°C. (12-6 g.) gee volgende resultate:— 
Onversadig, D?=0-735, molekulére dispersie=1-36 en dit bevat koolstof, 85-72 
persent; waterstof, 14-28 persent. 
Hierdie eienskappe stem baie goed ooreen met dié deur Butlerow" vir di-isobutileen 
aangegee. 
Fraksie 176°C. -— 180°C. (5-3 2.) gee volgende resultate:— 


Onversadig en bevat koolstof, 85-7 persent; waterstof, 14-24 persent. 
Die eienskappe van hierdie fraksie kom goed ooreen met dié van tri-isobutileen. 

Die oorskot in die drienekfles word by 56°C. vir 4 uur lank ge-evakueer om dit van 
alkohol en olefiene te bevry. Die oorskot word verhit en by 220°C. lewer dit 0-7 g. 
di-isobutileen en water. Pirofosforsuur kon in die oorskot geidentifiseer word. 

Dit wil dus voorkom asof die ester nie gevorm het nie en dat die 0-7 g. di-isobutileen 
nie van die pirofosforsuur, wat ontstaan het, deur die evakuering bevry is nie. 

Deur die inwerking van fosforpentoksied op tersiére butanol vind, soos te verwagte 
is, waterafsplitsing uit die alkohol plaas, met die vorming van iso-butileen wat dan 
dadelik tot di- en tri-isobutileen polimeriseer. 


Ontvang 5 Oktober, 1948. 
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RECOVERY OF THE COKING FRACTION FROM WITBANK FINE COAL 
BY MEANS OF THE CYCLONE WASHER 


by 
P. J. VAN DER WALT 


OPSOMMING 


Laboratoriumtoetse het getoon dat die steenkoolgruis wat by ’n aantal Witbankse steenkoolmyne 
geproduseer word ’n redelike groot hoeveelheid kookskool bevat, en dat dit moontlik mag wees om 
dit deur toepassing van ’n wasproses daaruit te win. ’n Groot afsetting van swellende steenkool is 
ook in die Waterbergse gebied ontdek maar dit is weens die hoé asgehalte nie vir die produksie van 
metallurgiese kooks geskik nie. Nadat hierdie “e eenkool egter na gruis gebreek was kon ’n bevredigende 
opbrings van verkooksende steenkool met ’n lae asgehalte in laboratoriumtoetse verkry word. 

Hierdie skeiding is in albei gevalle ’n gedugte wasprobleem, en dit was duidelik dat die gewone 
wasprosesse ongeskik sou wees. Verskeie fynkoolwassers soos in die literatuur beskrywe, is dus 
ondersoek en die sikloonwasser is uiteindelik as die mees belowende een gekies. Omdat baie min 
tegniese gegewens met betrekking tot hierdie wassertipe beskikbaar was moes die belangrikste 
bedryfskarakteristicke, eksperimenteel bepaal word. / 

Wastoetse is toe met vier tipiese steenkoolgruismonsters uit die Witbankse steenkoolveld gedoen 
om die bruikbaarheid van die proses te bepaal. Enkele produkte wat verkry is, is vir kasverkooksings- 
toetse gebruik. 

Hierdie was- en verkooksingstoetse het duidelik getoon dat dit moontlik was om die kookskool- 
fraksie uit die Witbankse steenkoolgruis in die proefaanlae af te skei en dat metallurgiese kooks uit 
die produk aldus verkry, berei kan word. 


SUMMARY 


Laboratory tests have indicated that the fine coal produced by a number of collieries in the Witbank 
district contains a reasonably high proportion of coking coal and that it may be possible to recover 
this by washing. A large y hog of swelling coal has also been located in the Waterberg area but 
this is unsuitable for the production of metailurgical coke on account of its high ash content. However, 
after crushing this coal to a small size a satisfactory yield of low ash-coking product could be obtained 
in laboratory tests. 

This separation represents a formidable washing problem in both cases and it was evident that the 
usual processes would be unsuitable. Various fine coal washers described in the literature were 
consequently studied and the cyclone washer was finally selected as being the most promising. As 
very little technical data were available on this type of washer it was necessary to determine the main- 
operating characteristics experimentally. 

Washing tests were then carried out on four typical Witbank duff coal samples to determine the 
suitability of the process, and a few of the washed products obtained were subjected to box coking tests. 

These washing and coking tests clearly showed that it was possible to separate the coking fraction 
from Witbank fine coal in the pilot plant and that metallurgical coke can be produced from the coking 
coal obtained in this way. 


INTRODUCTION 


Although the Union of South Africa possesses reasonably large reserves of coal of 
various qualities, the reserves of special coal, such as coking coal, are comparatively 
small and are being exhausted at an alarming rate. The proved coking coal reserves 
have recently been estimated at 150 million tons, of which 110 million tons are in Natal 
and 40 million tons in the Transvaal. The Natal coking coal is high-quality straight 
coking coal, while that from the Transvaal is more of a blend quality. 
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The present rate of production of coke is more than 820,000 tons per annum, of 
which about 75 per cent is required by the iron and steel industry. About 1-3 million 
tons of coking coal are required per annum to produce this quantity of coke. It is 
estimated that coking coal consumption will increase within two to three years to 
2-6 million tons per annum, mainly due to the increased requirements of the steel 
industry. This, together with some 2-7 million tons per annum of coking coal at 
present used for non-coking purposes, will account for 5-3 million tons per annum. 
On this basis, therefore, it seems that the life of these reserves is only about 30 years; 
naturally, by restricting the use of coking, coal to coke production only, their life can 
be approximately doubled, but even this is a very short time in the life of a country. 
It is, therefore, of the utmost importance that methods of producing coking coal from 
other sources should be investigated. 

A coalfield has been located in the Waterberg area, and although it is, at present, 
still in the prospecting stage it shows considerable promise of being a future source 
of coking coal. This coal has good swelling properties but has a very high ash content 
and will consequently not be suitable for coke production in the raw state. On account 
of its laminated structure, Waterberg coal has to be crushed fairly fine to free the 
coking coal from shale. This fine coal will then have to be subjected to a suitable 
washing process before it can be utilized for coking purposes. 

Washing tests and coking tests carried out at the Fuel Research Institute! on smaller 
sizes of Witbank coals showed that, although these coals were normally non-coking, 
a coking fraction amounting to about 30 per cent of the raw coal could be obtained 
by floating them at a specific gravity of 1-35. It was also found that the sink 1-35 
fraction could be washed again at a higher specific gravity of about 1-55 to produce 
a good quality steam coal, the yield of middling being approximately 60 per cent of 
the raw coal. It has been estimated that if two-stage washing is appl ed to the Witbank 
and Eastern Witbank coalfields, it is possible for this source to produce nearly 1 million 
tons of coking coal per annum for the next 50 to 100 years. In other words, if the 
coking fraction could be recovered from the Witbank coals, it would increase the 
existing proved coking coal reserves by some 50 per cent. In the Witbank area, the 
proportion of coking constituent (or bright coal) in the mine product is usually 
relatively low. However, it has been found that the bright coal is generally more 
concentrated in the smaller sizes. This is due to selective breakage occurring during 
mining operations, the bright coal being more friable than the dull coal. A suitable 
coal-washing process, therefore, will have to be selected to effect the separation of 
this fine coal, which it is proposed to treat, at a specific gravity of about 1-35. Washing 
at the higher specific gravity should present very little difficulty and could no doubt 
be carried out in a normal jig-type washer. Statistics show that about 700,000 tons 
of Transvaal duff coal (approximately —}in. +0) are dumped per annum, a large 
percentage of which is potential coking coal and could be utilized as such, if a suitable 
fine coal washer is available. 


Method of assessing the difficulty of a washing problem 


According to Bird? the +0-10 specific gravity distribution factor at the desired 
specific gravity of separation is a measure of the difficulty of washing a coal. The 
cumulative yield-specific gravity curve for any coal can be obtained by carrying out a 
float and sink analysis at various specific gravities and the -+0-10 specific gravity 
distribution can easily be derived from it, as will be shown. Bird gives the following 
figures as a rough indication of the difficulty of the washing problem: 
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+0-10 Curve| Degree of difficulty | Preparation 
Per cent 
Oto 7 Simple : Almost any process, high tonnages. 


7 to 10 Moderately ‘difficult | Efficient process, high tonnages. 
10 to 15 Difficult : Efficient process, medium tonnages, 
good operation. 


15 to 20 Very difficult .. | Efficient process, low tonnages, expert 
operation. 

20 to 25 Exceedingly difficult | Very efficient process, low tonnages, 
expert operation. 

Above 25 | Formidable .. | Limited to a few exceptionally efficient 


processes, expert operation. 
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Washability curves and -+-0-1 sp. gr. distribution curve 


The following example illustrates the washability curves of a typical Witbank fine 
coal, the method of determining these and the derivation of the +0-1 specific gravity 
distribution at any specific gravity of separation. : 

The sample of coal is submerged in a liquid of known specific gravity and the quantity 
which floats at that specific gravity is collected, dried and weighed. This quantity 
is termed the “cumulative yield” and is expressed as a percentage of the raw coal. 
By carrying out the separation at various specific gravities sufficient data can be 
obtained to draw a curve of cumulative yield against specific gravity of separation. 
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If the ash content of the material which floats is determined, a curve of cumulative 
yield against ash content may also be drawn. These separations in a liquid of known 
specific gravity are usually referred to as a “float and sink analysis”. 

The two curves derived from the results are termed the “washability curves” of the 
coal, and are used in practice to estimate the specific gravity of separation required 
to produce a washed coal of any desired ash content together with the probable yield. 
The following are the results of a float and sink analysis carried out on a typical Witbank 
duff coal and the corresponding washability curves are shown in Fig. 1:— 








Specific gravity | Cumulative yield | Cumulative ash 


Per cent Per cent 
1-3 | 15-6 3-3 
1-35 33-8 4-7 
1-4 | 58-8 6-0 
1-45 | 74-6 7:2 
1-5 88-9 8-6 
1-58 91-6 9-0 
Whole coal: 100-0 12-6 








From Fig. 1 it will be seen that if a washed product of, say, 6 per cent ash content 
is required, the separation will have to be effected at a specific gravity of about 1-4, 
giving a theoretical yield of 58 per cent. The +0-1 specific gravity distribution at 
any specific gravity of separation may be obtained from the yield—specific gravity 
curve as follows: Taking the desired specific gravity of separation as 1-45, the amount 
of material within +0-1 specific gravity of this figure will be given by the difference 
between the yields at specific gravities of 1-55 and 1-35. From Fig. 1 the yields at 
sp. gr. 1-55 and sp. gr. 1-35 are 91 per cent and 37 per cent respectively, and their 
difference is 54 per cent. The -++0-1 specific gravity distribution at a separation specific 
gravity of 1-45 is thus 54 per cent. By proceeding in this manner the distribution 
curve may be drawn. The dotted portion has been obtained by taking smaller specific 
gravity increments and then scaling these up to +-0-1 specific gravity. This procedure 
is probably not quite accurate but gives some idea of the distribution below 1-375. 
It is usual to apply a correction for material with a specific gravity greater than 2-0, 
but this has been neglected here as undue extrapolation would be required to determine 
this value from the data available. ‘The distribution curve indicates that the +0-1 
specific gravity distribution for this sample at a specific gravity of separation of 1-35 
is likely to be about 90 per cent. It can also be shown that Waterberg coals have 
extremely high -+-0-1 sp. gr. distributions at the required specific gravity of separation. 
In order to use Waterberg and Witbank coals for coking purposes, washing, therefore, 
will have to be effected at specific gravities corresponding to ‘distributions of anything 
up to about 90 per cent, and this, according to Bird, is a formidable washing problem. 


Modern coal cleaning practice 

Coal washers in general use, may broadly be grouped into three classes as follows :— 
(2) Processes which make use of the influence of density, size and shape on the 
rate of settling of particles when suspended in a fluid medium. This group 
includes jig washers, trough washers and table classifiers. They are capable 

of handling any size of coal but are best used to effect separations at a specific 

gravity where the +0-1 specific gravity distribution is less than about 

15 percent. This type, therefore, would not be suitable for the present problem. 
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TABLE I 


Coal washers in use in South Africa. 





| l | | 
|+0-1Sp.or.| Sp. gr. of Performane 
Colliery Washer used Size of coal | distribution separation factor 
-_ ! | 





Vryheid Coronation | Felspar high- | Duff coal. (Nut and 














speed Jig. pea coals crushed 
to pass } in. 
screen) .. Fe | 1-5 84-4 
Natal Cambrian .. | Baum Jig .. | Nuts a - 20 1:535 | 87-4 
Consolidated .. | Baum Jig .. | Nuts - <a 37 1-517 81-8 
Clydesdale . . .. | Baum Jig .. | Cobbles, nuts, peas 
(4 in. to in.) .. | 1-61 85-0 
Northfield . . .. | Nota-nos .. | Nuts He — 12 1-56 85-6 
Peas an wi 12 1-534 96-3 
Navigation .. | Rheolaveur.. | Nuts(1in.to % in.) | 30 | 1-53 77°4 
Fines (— }; in.) .. 29 1-532 55-6 
Schoongesicht ..| Chance ..|+fin. .. ..| 36 1-56 | 100 
Springfield (East | Chance 1st stage 15 | 1-675 96 
Shaft). | 3 in - — 
Qnd stage| 56 1-525 | 99 





(b) Processes in which separation takes place in a liquid of high specific gravity 
such that the clean coal will float and the refuse will sink. The high specific- 
gravity liquid may be either a true liquid or a suspension of a heavy medium 
in water. One of the best known of this type is the “Chance washer”, which 
uses a suspension of sand in water. These washers can be used for a +0-1 
sp. gr. distribution of about 40 per cent but are not suitable for coals finer 
than about } in. This type could, therefore, be applied to the coarser fractions 
but the fines would have to be treated in some other process if the coking 
fraction is to be recovered from them. 


(¢) Processes which depend on properties other than the specific gravity of the 
particles to effect a separation. Froth flotation appeared to be the most 
promising in this group and several laboratory tests were carried out at the 
Fuel Research Institute on Waterberg coal. It was found that good separation 
could be effected provided that the size range was fairly small. In any case, 
froth flotation is not suitable for coals larger than 0-1 in. and may not be 
applicable to all coals. 


It may be possible to treat the Witbank and Waterberg coals in two stages using a 
conventional heavy medium type washer for the coarse fraction and froth flotation 
for the fines. However, this is likely to be expensive, and it would be far more 
convenient is the washing could be carried out in one stage. 

The performances of some typical coal washers in use in South Africa are given in 
Table I, which has been compiled from a report by v. d. Merwe and Morgan3. It 
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will be seen that the separations are effected at comparatively high specific gravities 
and at +0-1 sp. gr. distributions considerably lower than those likely to be encountered 
in Witbank fine coal at low specific gravities. In the majority of cases, washing is 
confined to peas and larger sizes, the duff evidently being either dumped or used as 
mined. The specific gravity and performance factor (or efficiency) have been deter- 








NL vs 














FIGURE 2 
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mined by the Fuel Research Institute method in each case (see Appendix). It may be 
pointed out here, however, that a performance factor of 80 to 85 is considered a good 
average value for a washery. 


The cyclone washer 


Driessen* has described tests carried out on a new type of heavy medium washer 
capable of handling fine coal. This washer differed from existing heavy medium washers 
in that it made use of centrifugal force to speed up the separation of small particles 
and consequently had a remarkably large feed capacity per unit area. It also gave 
exceptionally sharp separation for coals down to 4 mm., the separation equalling the 
exactness of the usual type of heavy medium washers for coarse coal. Although the 
examples given by Driessen were all comparatively high specific gravity separations 
at low +0-1 sp. gr. distributions, it was considered that the cyclone might be able 
to deal with the Witbank and Waterberg coals with reasonable efficiency. Driessen’s 
report, although comprehensive in many respects, does not give any detailed information 
on the design of the cyclone unit and its performance characteristics. As the selection 
of a suitable washer for coking coal production was a matter of some urgency, it was 
decided to undertake the necessary experimental work to determine these data. 

The main difficulty encountered in fine coal washing is briefly as follows: For 
simplicity, assume that the raw coal consists of a purely :nechanical mixture of coal 
and shale particles, the shale having a higher specific gravity than the coal. The 
easiest way of effecting a separation is to submerge the raw coal in a liquid of specific 
gravity intermediate between that of the coal and of the shale. The coal particles will 
then float and the shale will sink. The time required to effect the separation will 
depend on the velocity with which the particles rise or fall and the latter depends on 
the size of the particles. The time required for the separation of small particles will, 
therefore, be quite considerable. It will be readily accepted that the size of the coal 
cleaning plant and the cost of cleaning will vary directly as the time required for 
separation and consequently as the size of the coal to be treated. Therefore, it would 
be uneconomical to treat fine coal in this manner. However, it is possible to increase 
the velocities of small particles by increasing the force acting on them. This is 
achieved in the cyclone by rapidly rotating its contents, resulting in centritugal forces 
on the small coal and shale particles of 1,000 to 2,000 times gravity. 


The working principle* 


The cyclone consists of a truncated cone with a flat cover having a central] outlet, A, 
and a tangential feed pipe, B, just beneath the cover, as shown in Fig. 2. A suspension 
of small particles (barytes, magnetite, etc.) in water is supplied to the feed pipe under 
pressure and enters the cyclone with a high inlet velocity, thus giving the liquor a 
rapid rotational motion. A vortex is created by the rotating liquor, which is spread 
through the upper and lower opening to the outside, and a vertical air column is 
created inside the cone. Due to the centrifugal force acting on them, the heavy particles 
tend to move towards the cone wall and down towards the apex. Here, a part leaves 
the cyclone and another part enters the vortex and either leaves the cyclone at A or 
is again forced towards the wall. Some of the suspended particles, therefore, are 
circulating in the cyclone and it is thus possible for the specific gravity of the suspension 
in the cone to be higher than the specific gravity at inlet. If the raw coal (coal and 
shale, say) is now admitted with the suspension of heavy medium, the coal particles 


‘ 
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lighter than the effective specific gravity of the bed are unable to penetrate it and are 
swept away in the vortex to the outlet A. The shale particles, due to their higher 
specific gravity, penetrate the bed and leave at the apex of the cone. 

A true liquid such as calcium chloride solution may be used in place of a suspension, 
but this has the disadvantage of high cost and high viscosity and the liquid adhering 
to the coal is difficult to recover. 


WASHED COAL RECEIVER ORIFICE 
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NOZZLE 





FIGURE 3. 
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3 in. Diameter laboratory cyclone coal washer 

A report® on some preliminary tests carried out on a 3 in. diameter cyclone by the 
American Bureau of Mines was received before experimental work was started. This 
was of great assistance as it contained a working drawing of the cyclone, together 
with some helpful information on the operating characteristics and conditions which 
formed a basis for more detailed work in the low specific gravity-range. A 3 in. 
cyclone as used by the Bureau of Mines was then constructed, but unfortunately this 
report gave no detailed information of the set-up and considerable difficulty was 
experienced in keeping the coal and heavy medium slurry in suspension. This resulted 
in blockage of the pipes, etc., and segregation of the heavier particles of the feed. 
As the operators gained more experience this was overcome, however, and a satisfactory 
arrangement was developed. Several tests were then carried out on Waterberg coal 
of —20 mesh* + 60 mesh (B.S.S.). The results were very promising, but it was 
consideied that the 3 in. cyclone was too small to obtain figures comparable with the 
performance of a commercial] unit. Faiily large samples of washed coal were also 
required for coking tests, so that it was decided to build a larger plant capable of 
handling —} in. coal. 


9} in. Diameter laboratory cyclone coal washer 

This cyclone, shown in Fig. 3, is a scale model of the 3 in. unit except that the diameter 
of the feed pipe and of the opening in the apex of the cone were increased to minimize 
the risk of a stoppage. The cone portion was fabricated from brass and accurately 


* Cement sieve. 





38 JOURNAL OF THE SOUTH AFRICAN CHEMICAL INSTITUTE Vol. IJ, No. 1 








FIGURE 5 


machined internally to the dimensions shown, while the cover plate and washed coal 
receiver were constructed of steel. A set of five brass nozzles was provided with 
diameters from 1} in. increasing by } in. to 1? in., together with a number of stainless 
steel orifice plates with diameters from 12 in. increasing by } in. to 23 in. 

The general arrangement of the apparatus is shown diagrammatically in Fig. 4 and 
in a photographic view in Fig. 5. A 3 in. sands pump circulates the slurry and is 
used in addition to the four stirrers to ensure that the coal remains in suspension and 
that a representative feed is supplied to the cyclone. The simple turbine type stirrers 
are 12 in. in diameter and are driven at 200 r.p.m. by a 5 h.p. motor. The cyclone 
is supplied by a 2 in. sands pump driven by means of a 19 h.p. paraffin engine, the 
feed-pressure being varied by altering the speed of the engine. During an experiment 
any desired feed-pressure may be maintained by means of a manually operated throttle. 
When making any alterations to the cyclone operating conditions, the feed is shut 
off to the cyclone and returned to the feed tank by means of the valves indicated. 
The washed coal and tailing-discharges from the cyclone are led to a sampling device 
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from which they are returned to the feed tank; by operating a lever on this device, 
the two streams may be diverted to sample drums. The feed-pressure is measured 
by means of a pressure gauge fitted to the feed pipe a few inches from the cyclone. 


Testing procedure 


A quantity of water is run into the feed tank by means of a hose and the volume 
is determined using a dipstick. The pumps and stirrers are then started, after which 
the heavy medium is added until the desired specific gravity is obtained. The specific 
gravity of the suspension is readily found by taking samples from a cock fitted to 
the circulating pump discharge. From the volume of the water and the final specific 
gravity, the weight of the suspension in the tank can be calculated. One-sixth of this 
weight of coal is then added to the tank, giving a pulp ratio of 6:1 (4¢., 6 pa.ts by 
weight of heavy medium suspension to 1 part of coal). Normally these quantities 
are adjusted so that a charge consists of 1,000 lb. coal and 6,000 Ib. suspension. Having 
fitted the desired orifice and nozzle combination, the feed is admitted to the cyclone 
and the discharges are allowed to return to the tank through the sampling device. 
After adjusting the pressure to the required value, the feed is allowed to circulate 
through the cyclone for a few minutes before taking samples, to ensure normal 
operation. It has been found possible to carry out about 25 tests in this way, with an 
initial charge of 1,000 lb. of coal. The results are only approximate, however, as the 
samples are small and the yields likely to be affected by small losses unavoidable in 
the subsequent rinsing and drying, etc. Excessive breakage of the coal also occurs 
in the apparatus if the experiment is of more than about half-an-hour’s duration. 
Two or three sets of operating conditions, which appear to give the desired separation 
with reasonable efficiency, are then selected and the experiment is repeated, taking 
samples of 200 lb. or more. By carrying out this test rapidly, breakage of the coal 
is almost eliminated. ’ 

After the samples have been obtained the heavy medium particles are rinsed off 
ona 100-mesh screen using a water spray manually applied. The wash water is collected 
in a large tank and the heavy medium allowed to settle. The clear water is finally 
drained off and the heavy medium is treated in a froth flotation cell to remove any coal 
slime with which it may have been contaminated. The flotation is quite a simple 
matter, requiring only small quantities of relatively cheap reagent such as a mixture 
of pine oil and paraffin. 


Suspension 


The heavy medium used in all the tests described in this paper was commercial 
barytes (BaSO,). This material was selected as it had been recommended by Geer 
and Yancey® and it was readily obtainable in a fine form at reasonable cost. The 
following is an apptoximate analysis of the barytes as supplied:— 


Chemical analysis Sieve analysis 
BaSO,, 90 to 92 per cent +200 mesh 0-00 per cent 
SiO,, 6 to 8 per cent —200 + 240 mesh 0-76 per cent 
Fe,O3, 1 per cent —240 mesh 99-24 per cent 


Specific gravity, 4-17. 


Barytes is a suitable material for laboratory work as it settles out comparatively 
slowly and does not cake when it dries. Having a high specific gravity it may also 
be used for fairly high specific gravity suspensions. 
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A few tests were also carried out using fine sand from a gold mine dump as heavy 
medium. Although separation undoubtedly took place it was not possible to assess 
the efficiency as the sand contained a small percentage of plus 100-mesh material 
which remained in the samples after rinsing. This sand could have been removed 
by some other method but it was not considered worth-while. At that stage, sufficient 
information on the cyclone’s performance characteristics was not yet available to 
enable an assessment of the relative merits of different heavy media to be made. 
However, this work will be undertaken in the near future. 

The possible sources of heavy media suitable for use with the cyclone may be divided 
into two groups depending on the method necessary for their recovery after use. The 
first group includes material such as barytes, fine shale, fine sand, and roasted pyrites. 
In this case froth flotation will probably have to be used to separate the heavy medium 
from the coal slime with which it has become contaminated during the process. The 
other group includes magnetite and ferro-silicon which can be separated from the 
slimes magnetically. Materials of low specific gravity such as sand and shale appear 
to be suitable for separations up to a specific gravity of about 1-5, while heavier materials 
will be required for higher specific gravities in order to keep the viscosity of the 
suspension within acceptable limits. However, the final selection of the medium 
will probably depend largely on economic considerations. 


Method of expressing results and definitions of terms 


In order to avoid confusion, the terms used in reporting the results of the experi- 
mental work have been standardized as follows :— 
Suspension specific gravity: The specific gravity of the heavy medium suspension 
as prepared in the feed tank. 
Orifice: The opening in the cover plate of the cyclone. 


Nozzle: The opening at the apex of the cone. ° 


Product: The “washed” coal or the material having a specific gravity lower than 
the specific gravity of separation. 


Tailing: Material having a specific gravity greater than the specific gravity of 
separation. 


Efficiency: ‘The theoretical yield is computed from the washability curve at a 
certain ash content of the washed coal, and the ratio between the practical 
yield and theoretical yield at the ash content of the washed coal is termed 
the efficiency of the washer. 


Performance factor: The mathematical efficiency of the washer as determined by 
the Fuel Research Institute method (see Appendix).. As this method may not 
be generally known, the efficiency obtained has been termed the “performance 
factor” to distinguish it from the conventional method of determining the 
efficiency as explained above. 


Specific gravity of separation: This has ‘been determined by the well-known Tromp 
distribution factor method® and in some cases by the Fuel Research Institute 
method; in every case the method used is clearly stated. 


Distribution factor: “Tromp” distribution factors as determined from the “float 
and sink analysis” of the product and tailing. 


+0+1 Specific gravity distribution: ‘The distribution of the feed within the limits 
of specific gravity indicated, at the required specific gravity of separation. 
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The performance characteristics of the cyclone 


It was necessary to investigate the influence of the various cyclone adjustments on its 
performance, befo1e studying the application of the cyclone to washing Witbank and 
Waterberg coals for the recovery of the coking fraction. As the primary object of the 
investigation at this stage was to determine whether the cyclone washer was a possible 
solution to the problem, the tests were limited to an investigation of the influence 
of feed-pressure and of various nozzle and orifice combinations. This was found to 
be sufficient to enable selection of operating conditions to give separations at any 
desired specific gravity with reasonable efficiency. All these tests were carried out on 
Landau No. 3 normal duff-screened —}in. +20 mesh*, the upper limit being 
chosen to minimize the risk of blockage of the pipes, etc., and the lower limit to facilitate 
the rinsing of barytes from the products and tailings obtained. 


The influence of nozzle and orifice combination 


Several tests were carried out to investigate the influence of various nozzle and 
orifice combinations on the performance of the cyclone. It was found that the specific 
gravity of separation increased with decreasing nozzle diameter, if the orifice diameter, 
feed-ptessure and specific gravity of suspension are kept constant. Conversely, the 
specific gravity of separation increases with increasing orifice diameter if the nozzle 
diameter and the other variables are kept constant. This effect is illustrated in Table II, 
where the orifice has been kept constant and the nozzle diameter varied. An increased 
yield of product, together with an increase in ash content, will be noticed, resulting 
in an increase of the specific gravity of separation. The increase of efficiency, as 
denoted by the performance factor, is associated with an increased specific gravity of 
separation. As pointed out earlier, the +0-1 specific gravity distribution factor 
decreases with increased specific gravity of separation indicating that the washing 
problem becomes progressively less formidable, and this probably explains the increase 
of efficiency. The washability curves shown in Fig. 13 (Appendix) have been used 
to evaluate the results, 


TABLE II 
The influence of the nozzle on cyclone performance for a constant orifice diameter. 
Landau No. 3 duff, screened —} in. + 20 mesh used in all these tests: pulp ratio 6 :1 in all cases: 
orifice diameter 1} inches throughout. 





Example No. 


2 4 5 
Specific gravity of suspension... .. | 1°28 | 1-28 | 1-28 1:28 | 1-28 
Feed pressure, lb. per sq. inch .. -- | 94 | 94 9-4 9-4 9-4 
Nozzle diameter, inches .. ee cs 1} | 1§ 14 13 ;} 1} 
Yield of product, per cent ii .. | 28°0 37-7 | 49-4 59-1 64-1 
Ash content of product, per cent «at ee | 59 | 6-1 | 63 6°5 
Ash content of tailing, per cent | 32 | 17-0 | 18-1 19-3 | 20-3 
Specific gravity of separation (by Fuel 

Research Institute method) .. -- | _1°:335 | (1-355) 1-385 | 1-405 | 1-415 

Performance factor a. “e “| a | 6 85 92 | 100 





* Cement sieve, appruximately 1 mm. aperture. 
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The influence of the specific gravity of suspension 


As explained before, it is possible for the specific gravity of separation to be consider- 
ably higher than the specific gravity of the suspension. Thus, as shown in example 
No. 5 (Table Il), a separation was effected at a specific gravity of 1-415 using a 
suspension specific gravity of 1-28. By using suitable orifice and nozzle combinations, 
specific gravities of separation as high as 1-48 have been obtained with a 1-28 suspension 
specific gravity, but the upper limit has not yet been determined. It was also found 
that the specific gravity of separation increases when the specific giavity ot suspension 
is increased, while all other variables are kept constant. This investigation has not 
been completed, but it appears desirable to use the lowest specific gravity of suspension 
capable of the desired separation, provided that the efficiency is not adversely affected. 
The cost of heavy medium and of subsequent treatment would be reduced in this way. 


The influence of feed-pressure 


During the early stages of the investigation, the importance of the feed-pressure 
was not fully realized, and consequently the majority of tests were carried out at 
comparatively high pressures. Some of these tests were later repeated at lower 
pressures and an increase of efficiency was generally obtained. After considering the 
matter, it appeared reasonable to assume that, although the efficiency increased with 
decreasing pressure, within the limits investigated, there would be a point below which 
the efficiency would again begin to fall. In other words, it was expected that there 
was a critical value of the pressure for maximum efficiency. To establish this, the 
tests reported in Table III were carried out. The orifice and nozzle combination 
was selected to give a separation fairly close to a specific gravity of 1-35. To facilitate 
interpretation, the results have been plotted against pressure in Fig. 6. 


TABLE Il 
The influence of feed-pressure on cyclone performance. 
Landau No. 3 duff, screened —} in. + 20 mesh used in all these tests: pulp ratio 6:1. 





Example No. 
































| 6 | 7 | 8 | 9 | t | 1 | 12 | 13 | 14 
= Re Sie ae 
Specific gravity oa sus- | | | 
pension a  - — | a 1-28 
Orifice diameter, inches } — — ee | 1} | 
Nozzle diameter, inches | — — |/—-|{]- 13 
Feed-pressure*, lb. per | | 
sq. inch | 24-0 19-0 14-2 | 9-4 7-0 4-6 2-6 1-6 1-2 
Yield of product, percent | 32-8 | 39-2 | 40-1 | 43-1 | 44-6 | f 6 | 30-8 | 19-5 Nil 
Ash content of product, | 
per cerit 7:0 6°8 6-3 | 5-9 5-7 5-7 5-1 4-9 _— 
Ash — of ‘tailing, | } 
per cen | 15-9 | 16-2 | 16-4 | 16-6 | 16-3 | 16:00 | 14-5 | 14:00} — 
Tonst of feed per hour | 3-2 | 2-88 | 2-41 | 1-77] 1-61 | 1-35 | 0-93 |} — — 
ae ae | 
tion (F.R.I.) . . | 1:36 | 1+375) 1-37 1-37} U3i | 2-366 1-335) 3-31 _— 
Performance factor | 56 64 72 | 81 | 8 | 81 75 | 72 = 
| | 











* Feed pressure measured in feed pipe 84 inches from cyclone inlet. 
¢ 1 Ton=2,000 Ib. 
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TABLE IV 
The influence of feed-pressure on cyclone performance. 


Landau No. 3 duff, screened —} in. + 20 mesh: pulp ratio 6:1 





E poe No. 





| 15 16 | 17 18 19 | 20 | 21 | 22 
Specific gravity of suspension .. | — | — — 1-28 | 
Orifice diameter, inches | — | - in 24 | 
Nozzle diameter, inches - —- | — 1} 
Feed-pressure*, lb. per sq. inch | 29-0 | 23-0 | 14-2 9-4 7:°0-| 4-6 2:6 | 1:6 
Yield of product, per cent 67-1 | 59-7 7-9 | 62-8 | 69-5 | 69-2 | 51-0 | Nil- 
Ash content of product, percent | 8:2 | 7-5 | 7:5 7-0 7-0 $6 | 57 /{ - 
Ash content of tailing, per cent | 23-1 | 19-5 | 22-8 | 20-5 | 21-9 | 22-3 | 17-4 | - 
Tonst of feed per hour . . 4:74; 3-68; 2-69| 1-92| 1-64] 1:17] 0-85) — 
Specific gravity of separation } | 
(F.R.1) .. aa . om 1-450; 1-425) 1-44 1-425) 1-43 | 1-425} 1:38) — 
Performance factor = cn ae 74 | 90 85 94 | 96 | 88 - 





* Feed- pressure measured i in feed pipe 84 inches from cyclone inlet. 
t 1 Ton= 2,000 Ib. 


These curves clearly show that the critical feed-pressure is approximately 7 lb. per 
square inch. For pressures above this value, the yield decreases and the ash content 
increases, resulting in a rapid decrease of efficiency. The specific gravity of separation 
also appears to remain constant at about 1-37 for pressures above the critical pressure. 
There is a definite decrease in the specific gravity of separation for pressures below 
this value, together with a falling off of efficiency. Hence, for best results at a 
separation specific gravity of 1-37, the cyclone will have to be operated with a feed- 
pressure of 7 Ib./sq. in., which limits the through-put to about 1-7 tons of feed per 
hour when using a pulp ratio of 6 to 1. 

In order to verify the tendency observed above, this experiment was repeated, but 
the orifice and nozzle were chosen to give a separation specific gravity above 1-4. 
The object was to determine whether the efficiency decreased as rapidly with increase 
of pressure in this case as it does for a separation at a specific gravity of 1-37. The 
results of these tests are shown in Table IV and Fig. 7. Although the results are far 
more variable than in the previous series, it will readily be conceded that the tendencies 
previously noted are again evident. The critical pressure is now 5 lb. per square inch 
and the specific gravity of separation is reasonably constant at about 1-44 for pressures 
greater than this value. The performance factor is also much higher and falls off 
far less rapidly than before. In.other words, higher pressures with consequent higher 
through-puts may be used, with only a comparatively small loss of efficiency. Taking 
a performance factor of 85 as the minimum acceptable value, it will be seen that a 
through-put of 3 tons of feed per hour is possible. It is anticipated that through-puts 
of 5 or 6 tons per hour at high efficiency will be possible with this cyclone for separations 
at specific gravities of about 1-55 and above. 


Washing tests on some typical Witbank duff coals 


At this stage, it was decided to postpone further investigations into the performance 
characteristics of the cyclone, until a few washing tests had been carried out on typical 
Witbank duff coals. Samples were then obtained from Landau No. 3, Coronation, 
Springbok and Phoenix collieries for this purpose. Earlier washing tests carried out 
at the Institute had shown that these coals were potential sources of coking coal. 
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Cyclone operating conditions were selected to give separations at specific gravities 
of about 1-35 to 1-4, as the Witbank coals will in general have to be “cut” in this 
region to yield a swelling float-fraction. The exact specific gravity of separation required 
naturally varies for each colliery. The results of the tests, together with the operating 
conditions used to obtain the separations indicated, are reported in Table V. The 
samples taken in each case were fairly large, ranging from about 150 Ib. to 500 lb. 
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FIGURE 7 


combined weight (/.e. product plus tailing), The experiments were also carried out 
rapidly to minimize breakage of the coal. In order to obtain accurate values of the 
specific gravity of separation, all samples were subjected to a float and sink analysis. 
The results of these analyses are recorded in Table VI. Using these data, the Tromp 
distribution factors* were determined and the curves plotted as shown in Figs. 8 to 11. 

The distribution factor curve shows what percentage of each specific gravity fraction 
of the feed was sent to the product and what was rejected in the tailing, the slope of 
the curve being a measure of the efficiency of separation. The specific gravity of 
separation is defined by Tromp as the specific gravity at which half the material goes 
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to the product and half to the tailing—in other words, the point at which the distribution 
factor is 50 per cent. Example 31 of the tests will serve to illustrate the method of 
determining the distribution factors. The calculation is shown in Table VI A, the 
required values being taken from Tables V and VI. 

The distribution factor for each specific gravity stage was now ) asaeg against the 
mean specific gravity of the stage (Fig. 11); thus the distribution factor for the stage 
1-3 to 1-35 would be plotted at specific gravity 1-325. It is assumed that there is no 
coal with specific gravity below 1-28, so that the mean of the fist stage is taken as 
1-29. Table VII contains the cumulative analysis of the feed as calculated from the 
float and sink results recorded in Table VI and the ash analysis of the fractions. 

Specific gravities of separation have been determined by the Tromp and Fuel 
Research Institute methods and are given in Table V for purposes of comparison. 
In the case of the latter, the actual washability curves of the sample were used in deriving 
the results. It will be seen that the two methods give results which agree within 
about 0-01 specific gravity, which is close enough for most practical purposes. The 
value obtained by the Tromp method, however, is considered to be the more accurate. 
As tests 23, 26, 28 and 30 were carried out under the same operating conditions, one 
would expect the separations to be effected at the same specific gravity. It will be seen 
that these actually vary between 1-325 and 1-35. This may be ascribed to errors in 
determining the specific gravity of suspension by sampling rather than the small 


TABLE V 
Washing tests on some typical Witbank duff coals. 






































Example No. 
23 | 24 25 26 27 28 | 29 30 31 32 
Coal Landau No. 3 Coronation Springbok Phoenix 
} in. + 20 mesh jt in. + 20 tin. + 20 —} in. + 20 mesh 
mesh mésh 
Specific gravity of sus- | 
pension “ss .. |] 1-28 | 1-28 | 1-28 }} 1-28 | 1-28 |] 1-28 | 1-28 |} 1-28 | 1-28 | 1-28 
Orifice diameter, inches |} 1% | 12 24 1; 24 1; 24 1% 24 =| 23 
Nozzle diameter, inches |} 1} | 14 1? 1? 1}? 1} 1? 12 14 | 13 
Feed-pressure, lb. per sq. 
inch... = .. 19-4 | 9-4 | 9-4 19-4 19-4 19-4 19-4 19-4 | 9-4 | 9-4 
Yield of product, per cent {41-3 |44-5 {60-0 |/21-6 /41-0 {126-7 |45-4 |/30-3 (63-0 {50-5 
Ash content of product, | 
per cent a eo? 15-8 1 64 6-7 | 7:0 5-9 | 6-3 6°3 17:6 | 6-9 
Swelling No. of product |} 54 53 | 43 a 612 4} 4 44 | 34 | 4 
Ash content of tailing, 
per cent i -. 16-8 |17-3 {19-2 |]13-7 [14-5 1113-5 {14-8 [18-1 [25-6 /|20-3 
Calculated ash content of | | 
feed, per cent .. ~» Meee [E22 j11-5 12-2 |11-4 |]11-5 |11-0 [114-5 |14-3 (13-5 
‘Tons of feed per hour 2-3 1-9 | 2-2 2:0 | 1:8 2-0 1-7 2°1 1-9 | 1-8 
Specific gravity of separa- 
tion (F.R.L.) .. .. || 1°36 | 1-37 | 1-415) — | 1-39 } 1-335) 1-385}) 1-345) 1-425) 1-385 
Performance factor .. 1186 86 86 — |76 75 81 81 |92 186 
Specific gravity of separa- 
tion (Tromp) .. .- |} 1°35 | 1-36 | 1-405}} 1-34 | 1-375)) 1-325) 1-375}) 1-335) 1-415) 1-38 
Efficiency - a if. 77°5 (85 — {62 54 77 64 91 [83 
i | } 





All tests carried out with a pulp ratio of 6 : 1. 
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TABLE VI 
Separation of samples in different specific gravity fractions in percentages. 
| Specific gravity fractio 
E sxample | | ttt tt sa “Aais ‘ 
No. | 1-3 to 1-35 to | 1-4 to 1-45 70 | 1-5 ¢o | 
| <1-3 | 1:35 | 1:40 | 1-45 | 1-5 | 1-58 | >1-58 
ee : ‘ ‘ _ . | — meee 
Product | 38-0 | 41-7 | 11-8 | 4:5 | 2-4 | 0-9 | 0-6 
23 — . _| 
Tailing | 2-35 | 8-54 | 23-3 | 28-9 | 12-1 | 11-5 | 13-3 
| Product | 37-2 | 43-9 | 11-9 3-4 | 2-1 | 0-7 0-7 
“™ |— " 
Tailing | 2 7-4 | 20-2 | 30-9 | 15-1 | 10-9 | 13-3 
| Product .| 29-5 | 33-3 | 23-8 | 86 | 2:7 | 1:5 | 0-6 
25 |—— |— 
| Tailing ul 1-8 | 4-5 | 11-0 | 32-3 | 18-6 | 15-9 | 15-9 
| Product .| 14:0 | 29-2 | 42-4 | 9-7 | 2-7 | 1:2 | 0-8 
27 — . | Si cesemenesnan on 
| Tailing | 1:0 | 4-8 | 27-2 | 28:7 | 20-8 | 11-7 6-6 
| Product | 26-9 | 53-8 8-0 5-4 3-8 | 1-3 0-9 
28 Mea -- - - | | ; 
| Tailing | 2-2 | 21-6 | 21-6 | 25-5 | 14-7 | 66 | 7:8 
Product | 21-4 | 46-1 | 20-2 | 7-3 | 28 | 1-2 | 1-2 
> }+— . 
| Tailing 1:7 6-9 | 19-4 | 34-6 19-4 | 9-4 | 8-6 
Product 23-8 | 60-3 9-1 2-8 1-4 1-1 1:4 
30 | Reese Eile | 
| Tailing | 1-3 | 14-5 | 22-4 | 19-2 | 11-9 | 10-9 | 19-8 
Product | 13-5 | 47-9 | 26-9 8-3 1:9 | 0-8 | 0-8 
31 — —|— 
Tailing | 0-3 | 1:8 | 5-3 | 20-1 | 18-0 | 20-3 | 34-2 
pasigieshabesilitnnipeetan = 
| Product |} 14-8 | 55-5 | 22-2 | 3-7 | 1:9 | 1-0 | 1-0 
322 |}—— —|—_____|—— | 
i Tailing 1:0 | 5-7. | 18-9 | 20-7 | 16-1 | 15-1 | 22-6 
TABLE VI A 
Product (63-0 per cent of feed) Tailing Feed 
, ——}|— ——)----- Distribution 
Specific gravity | Percentage of Percentage of factor 
stage Percentage of feed coal Percentage of feed coal Percentage as percentage 
product ax 0-63 tailing cx 0-37 bid b—e x 100 
a | b c d e f 
To 1-3 13-5 8-51 0-3 0-11 8-62 98-7 
1-3 to 1-35 47-9 30-18 1-8 0-67 30-85 97-8 
1-35to 1-4 26-9 16-95 5-3 1-96 18-91 89-6 
1-4 to 1-45 8-3 5-23 20-1 7-44 12-67 41-3 
1-45 to 1-5 1-9 | 1-20 18-0 6-66 7-86 15-3 
1-5 to 1-58 0-8 0-50 20-3 7-51 8-01 6-2 
>1-58 0-8 0-50 34-2 12-65 13-15 3-8 
Total. 100-1 | 63-07 100-0 37-00 100-07 
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TABLE VII 
Cumulative analysis of the feed. 
Specific gravity 
Example onan 
No. | | Whole 
| 1:3 | 1:35 | 1-4 1-45 1:5 1:58 | coal 
| . = —_ - 
Per cent | Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
Cumulative yield | 17-1 | 39-3 | 57-8 | 76-7 | 84-7 | 91-9 | 99-9 
23 - ;, . 
Cumulative ash | 3-4 | 4:7 | 5-8 | 7-4 | B84 | 94 | 12-2 
Cumulative yield oh 4 | 41-4 57-9 | 76:5 85-8 92-2 99-9 
24 — ; - 
Cumulativeash .. | 3-7 | 5:0 | 5:8 7-9 8-8 | 9-6 | 12-6 
Cumulative yield -. | 18:4 | 40-2 | 58-9 77-0 86-1 93-3 | 100-0 
3s }——_—_ | 
Cumulative ash | 3-2 4-6 5-5 7-1 8-0 9-1 11-5 
Cumulative yield .. | 6-3 | 21-1 | 54-6 | 75-6 | 89-4 | 96-8 | 101-0 
27 . : Se eens 
Cumulative ash ¥ 3-7 5-1 | 6:4 7-5 | 88 | 9-8 | 11-5 
Cumulative yield | g-8 | 39-4 | 57-1 | 77-2 | 89-0 | 94-2 | 100-1 
28 - | ; erential 
Cumulative ash | 3:3 | 53 | 62 | 7:4 8-3 9-0 | 11-3 
Cumulative yield... | 10-6 | 35-3 | 55-1 | 77-3 | 89-2 | 94-9 | 100-1 
» |} -+—— ——- — 
Cumulative ash | 32 | 49 | 61] 7-4 | 83 | 94 | 11-0 
Cumulative yield | 8-1 | 36-5 54-9 69-1 77°8 85-7 | 100-0 
30 eimai “ a — 
Cumulative ash | 3-2 | 5-5 6-9 8-0 9-0 | 10-3 | 14-8 
Cumulative yield | 8-6 | 39°5 58-4 71-1 | 78-9 86-9 | 100-1 
31 pie eae eee : = a a ae 
Cumulative ash |} 30 | 5-3 | 66 | 7-7 | 86 | 9-9 | 14-3 
Cumulative yield... | 8-0 | 38-8 | 59-4 | 71-5 | 80-4 | 88-4 | 100-1 
32 pee ee ; . ar Sa 
Cumulative ash | 3-0 | 5-2 6-7 | 7-7 8-7 | 10-0 | 13-7 
| | 





differences in the washability characteristics of the coal. It is considered that a small 
change in the specific gravity of suspension is likely to cause a much greater change 
in the specific gravity of separation, all other variables being kept constant. The 
slight variation of specific gravity of separation will also be noticed in tests 25, 27, 
29 and 32. 

On the whole, the performance factors obtained compare quite favourably with 
normal coal-washing practice in South Africa (see Table I). Only tests 27 and 28 
have performance factors below the acceptable minimum of 80 to 85. It will be noted, 
however, that the operating pressure in each case is 9-4 lb. per square inch, which 
is somewhat higher than the critical value. 
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The values of the performance factors will probably be increased by reducing the 
operating pressure to 7 lb. per square inch. The slope of the distribution factor curves 
undoubtedly shows that the cyclone washer is capable of very exact separations at all 
specific gravities. It must be pointed out, however, that this is the first cyclone which 
has been tested and the design may not be suitable for low specific gravity separations 
at high +0-1 specific gravity distributions. By altering the cone angle and other 
features of the design, it may be possible to increase the efficiency considerably. It 
is proposed to carry out a detailed investigation of the influence of the cyclone design 
on its performance in the near future. 


Coking tests 


In order to determine whether the coking fractions obtained from these washing 
tests were suitable for the production of metallurgical coke, a few box tests were 
cartied out at Iscor. Details of the box tests together with descriptions of the cokes 
made are given in Table VIII. The descriptions given are as reported by Iscor, while 
the Abrasion Index and Proximate Analysis given in each case were determined at 
the Fuel Research Institute. 

It will be seen that, with the exception of example 26, these samples all produced 
metallurgical coke. The abrasion index is somewhat low in the case of the Springbok 
samples, the acceptable minimum being about 72. This minimum could probably 
be attained by blending with a small percentage of some other strongly-coking coal. 
The Landau and Phoenix duffs, on the other hand, produced very good metallurgical 
cokes, probably supetior to the average coke at present used at Iscor. The yield of 
coking fraction in the case of these duffs is also quite satisfactory, being 41-3 per cent 
and 30-3 per cent respectively. In the case of Landau No. 3 duff even greater yields 
of coking coal could no doubt be obtained by effecting the separation at higher specific 
gravities, as this coal appears to have particularly good swelling properties. This is 
indicated in example 25 (Table V), where a yield of 60 per cent was obtained with 
a swelling number of 44, which is a satisfactory value. However, the samples of coal 
washed were in all cases spot samples and, therefore, not necessarily representative 


FABLE 1X 


Washing test on —} in. +- 100 mesh fine coal. 





Coal Landau No. 3 
—} in. + 100 mesh 
Pulp ratio ¥« ve | 
Orifice diameter, inches . . i ea 
Nozzle diameter, inches | 
Specific gravity of suspension 
Feed-pressure, lb. per sq. inch .. 
Yield of product, per cent 
Ash content of product, per cent 
Swelling number of product | 
Ash content of tailing, per cent 7 18-4 
Ash content of feed, per cent .. “x | 13-4 
Specific gravity of — hs R.1.).. | 3 
Performance factor ‘a | 
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TABLE X 
Sieve analysis and float and sink analysis of the fractions. 





| 


Sample Sieve analysis Float and sink analysis 
Per 
} Fraction cent Specific gravity 1-3 1-35) 1-4 1-45; 1-5 1-58 
Per Per Per | Per Per Per 
| cent cent cent | cent | cent | cent 


Cumulative yield | 41-2 | 85-3 | 94-1 | 97-0 | 98-5 | 99-2 
| —fin + Seb | 0 }—_——____}__ = 
Cumulative ash | 3-3 | #3] SO] 62 6:2 | 6:4 


20 mesh + 52 mesh | 29-5 —-—-—- 


Cumulative yield | 38-7 | 65-6 | 84-5 | 93-2 | 95-1 | 97-7 
Cumulative ash 2°9 3-9 4 


8| 5:-4| 5:5| 5-9 


4 
Product | . —_ sentinels 
Cumulative yield | 12-9 | 50-7 | 75-4 | 86-1 | 93-0 | 95-5 
52 mesh + 72 mesh 5-1 — ———— - | 
Cumulative ash 3-1 3°5 4-6 5:2 5-7 6-2 
| Cumulative yield | 17-9 | 30-0 | 63-8 | 77-7 | 84-4 | 88-5 
72 mesh + 100 mesh} 3-4 ~~ - 
Cumulative ash 2:8 4-0 4-3 5-3 6°0 6°5 
| Cumulative yield 2°5 | 13°7 | 33-5 | 57-1 | 78-2 | 91-2 
| —}in.:+ 20 mesh 75-1 - --- 
Cumulative ash 4-1] 6-1) 7-7] 9-2 | 10-9 | 12-4 
= eile i icetailatede =~ = 
Cumulative yield | 5-1 9-9 | 32-2 | 39-6 | 71-4 | 81-2 
| —20 mesh + 52 mesh | 20-0 - —- —, - 
Cumulative ash 3-4 5-1 6:3 8-1 | 10-0 | 11-8 
Tailing |- _ - ™ — — . 
| Cumulative yield | 7-5 | 17-7 | 25-7 | 44-4 | 45-7 | 72-1 
52 mesh + 72 mesh 3-2 | - - 
Cumulative ash | 2°8 3-9 5-3 6°8 8-5 9-7 
| Cumulative yield | 9-6 | 20-0 | 27-4 | 34-0 | 45-7 | 61-1 
| —72 mesh + 100 mesh} 1-7 ——_____—___—— 


Cumulative ash 5-3 3-8 4-7 6-3 7-8 9-0 





TABLE XI 
Tromp distribution factors for the fractions. 





Fraction 
Specific gravity |——— --= j= 
range —}+20 | —20+ 52 | 52+ 72 | —72+ 100 

<1:3 | 906 | 888 | 65-9 73-5 
1-3 to 1°35 | 69-8 | 85-5 80-8 60-7 
1-35to1-4 | 20-6 47°1 77-6 85-7 
1-4 to 1-45 6°7 55-2 39-7 76-9 
1-45to1-5 | 4-0 5-8 88-2 45-5 
1-5 to 1-58 3-1 21-8 9-1 28-6 
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of the duff coals normally produced by the collieries mentioned. The result should, 
consequently, only be regarded as an approximate indication of those likely to be 
obtained in practice 


Washing tests on —j in. + 0 fine coal 


As it may be considered undesirable to remove the minus 20 mesh fraction from 
the coal before washing, a few tests were carried out on a —}in. + 0 sample to 
determine whether the cyclone was capable of dealing satisfactorily with the raw coal. 
Only the plus 100 mesh fraction was recovered on the screen, the remainder being 
discarded. The latter could have been recovered by froth flotation, but this was not 
considered-worth while at that stage of the investigation. 


TABLE XII 
Calculated washability characteristics of the —} in. +- 100 mesh feed. 





Specific gravity | Cumulative yield | Cumulative ash 





















































Per cent | Per cent 
1-3 17-8 3-2 
1-35 39-2 4:6 
1-4 56:3 | 6:1 
1-45 70-2 7-2 
1°5 84-2 8-4 
1-58 92-3 | 9-5 
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FIGURE 12 
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The results of one of these tests are shown in Table IX. In order to determine 
the effect of particle size on the efficiency of separation, the product and tailing obtained 
were divided into four fractions according to grain size, and each fraction was 
subjected to a float and sink analysis. The results of these analyses are recorded in 
Table X. From these data, the Tromp distribution factors were calculated for each 
fraction, together with the washability characteristics of the feed; these results are 
shown in Tables XI and XII respectively, and the distribution factor curves in Fig. 12. 
The specific gravity of separation and the performance factor given in Table IX were 
determined by means of the Fuel Research Institute method from the calculated wash- 
ability characteristic in Table XII. 

On the whole, the results of this test compare quite favourably with the tests carried 
out under similar operating conditions on —} in. + 20 mesh samples (see example 23, 
Table 7). The ash content of the product is comparatively high, resulting in a decrease 
in the value of the performance factor. As, however, a performance factor of 79 
is fairly close to the acceptable minimum the performance may be considered satisfactory. 

The values obtained for the distribution factors are extremely vatiable for the minus 20 
mesh fractions. An attempt has been made to draw the distribution curves, but these 
are probably not of much value, except as a rough guide. It appears, however, that 
the specific gravity of separation increases with decreasing grain size, thus confirming 
the results obtained by Geer and Yancey’. The slope of the curves also appears to 
decrease steadily, showing that the efficiency of separation decreases with decreasing 
particle size. The separation appears to be quite satisfactory for particle sizes down 
to about 52 mesh, but falls off considerably below this value. As the percentage of 
minus 52 mesh material is comparatively small in the sample tested, this is not serious. 
This work, however, will have to be repeated before definite conclusions can be drawn 
as to the smallest particle size which can be treated efficiently in the cyclone. It is 
proposed to postpone this investigation until the effect of various modifications to 
the design of the cyclone have been determined in detail. In the present arrangement 
turbulent currents, etc., may exist which have no effect on large particles but which 
would adversely affect the separation of the fines. This may account to some extent 
for the variation in the values of the distribution factors which were obtained. 


APPENDIX 


Fuel Research Institute method of determining the specific gravity of separation 
and the efficiency 


This method’, was developed with the object of minimizing the number of float 
and sink analyses necessary when using the Tromp method. Having obtained the 
washability curves of a particular feed, washing tests may then be evaluated by merely 
determining the yield and ash content of the washed product and adopting the empirical 
procedure described below. 

Experience has shown that the results thus obtained agree very closely with those 
obtained by the conventional methods. The results, however, are of necessity only 
approximate, as no account is taken of slight variations in the washability characteristics 
of a particular sample. By using this method, a far greater number of tests has been 
carried out in the time available than would otherwise have been possible, and the 
cost of analysis has been considerably reduced. With an idea of the approximate 
performance characteristics of the cyclone, it has been possible to concentrate on those 
conditions which appeared to give the required separations and to investigate these 
in detail. 
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The method is best explained by an example. ‘The following figures give the mean 
washability characteristics of the feed coal over the applicable range:— 


Landau No. 3 duff, screened —} in. 4 


20 mesh. 





Per cent 


Specific gravity | Cumulative yield Cumulative ash 


Per cent 





| 
1-3 17-4 3-6 
1-35 40-3 4-8 
1-4 | 57-8 5-8 
1-45 76°6 7°7 
1-5 | 85-3 8-5 
1-58 | 92-0 9-4 





From these figures the washability curves have been plotted as shown in Fig. 13. 

During a washing test on a sample of this coal, a product representing 49-4 per cent 
of the feed, and having an ash content of 6-1 per cent was obtained. The initial ash 
content of the feed was 12-2 per cent. 

The results may now be evaluated from a quantitative and qualitative point of view. 


Cumutetive Yield, per cent 
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LIGURE 13 
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FIGURE 14 


The qualitative and quantitative factors for the sample are defined as follows (according 
to Frazer and Yancey’) :— 


Ya 
Quantitative factor = —— 
Yr 
Ag—Ag, Actual ash reduction 





Qualitative factor = = 
Ap—A,y Theoretical ash reduction 


where Y, = Actual yield. 
Y+ = Theoretical yield at the specific gravity of separation. 
Ay = Ash content of the feed. 
A, = Ash content of the product. 
Ay = Theoretical ash content of the product at the specific gravity of separation. 


The performance factor is the product of the quantitative and qualitative factors, 


Ya Arp a Ag 
i.e., performance factor = —~ X 
Yr Ap—Ay;y 
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Now the basic assumption of the Fuel Research Institute method is that the qualitative 
and quantitative factors are equal at the specific gravity of separation. Accepting this 
assumption, the specific gravity of separation may be determined by plotting curves 
of the two factors against specific gravity, the point of intersection being the specific 
gravity of separation. 

In the above example, Y, = 49-4 per cent, A, = 6-1 per cent and Ap = 12-2 
per cent. (Consider these as constants.) 


49-4 
Hence, quantitative factor = —— 
iT 
12-2—6:-1 6:1 





and qualitative factor = = ’ 
12-2—Ay 12-2—A, 


Values of Y and A, are now obtained from the washability curves (Fig. 13) for various 
specific gravities, and substituted in the above expressions. The complete calculation 
is shown below in tabulated form:— 








| | | 

Specific | Quantitative | Qualitative 
gravity | Yr | factor | Ar | 12:-2—-Ay | factor 
1:3 17-4 | 2-84 36 | 86 0-71 
1-325 29-5 | 1-67 41 | 84 0-75 
1:35 | 40-3 | 1-23 4-7 | 7:5 0-81 
1-40 | 60-0 0-82 | 61 | 6-4 1-00 
| 0-65 7:5 | 4:7 1-30 


1°45 | fa*3 





The quantitative and qualitative factors, which have a real meaning only at the specific 
gravity of separation, have been plotted in Fig. 14 to give two curves intersecting at 
a point corresponding to specific gravity 1-385, which is the assumed specific gravity 
of separation. 

At the intersection of the curves, 


Quantitative factor = Qualitative factor = 0-92. 
.. Performance factor = Quantitative factor x qualitative factor, 
= 0-92 x 0-92 


= (0-92)? = 85 (as a percentage). 


Fuel Research Institute of South Africa, 
Pretoria. Received February 14, 1949. 
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A NEW METHOD FOR THE DETERMINATION OF HYDROXYL AND 
WATER IN ORGANIC COMPOUNDS 


by 
F. H. H. VALENTIN 


OPSOMMING 


Hidroksiel word bepaal deur reaksie vir vyf minute op die water-bad met ’n 15 persent oplossing van 
asynsuuranhidried in dioksaan wat 2 persent fluoborsuur as ’n katalisator bevat. Die gevormde suur 
word titreer met alkalie en wanneer die titrasie waarde afgetrek word van die waarde sonder byvoeging 
van onbekende stof, gee dit die ekwivalent aan hidroksiel. Die bepaling word gesteur deur alkalie. 
Water word bepaal deur ’n wysiging van die metode waarin die oormaat anhidried toegelaat word om 
te reageer met ’n 30 persent oplossing van triethanolamien in alkohol. 


SUMMARY 


Hydroxyl is determined by reaction for 5 minutes on the water-bath with a 15 per cent solution of 
acetic anhydride in dioxan containing 2 per cent of fluoboric acid as a catalyst. The acid produced 
is titrated with alkali, and deduction from a blank gives the equivalent hydroxyl. Alkali interferes. 
Water is determined by a modification of the method in which the excess anhydride is caused to react 
with a 30 per cent solution of triethanolamine in alcohol. 


The determination of the hydroxyl group is of importance both in research work 
and in technical control. The procedures used for this determination generally employ 
acetic anhydride to acetylate the hydroxyl group, then separate and purify the acetylated 
compound and determine the acetic acid liberated on alkaline hydrolysis. When carried 
out in the approved manner these methods, though precise, are time-consuming, due 
either to the slow rate of reaction or the elaborate precautions necessary in analysing 
volatile materials. 

Some methods have been proposed in which the excess acetic anhydride is titrated 
directly after completion of the acetylation. Since in this case the excess must not 
be too large, a catalyst must be used to speed up the esterification. Pyridine has been 
employed for this purpose by Marks and Morrell’, but their method is very slow. 
Smith and Bryant? proposed the use of acetyl chloride with pyridine, but this reagent 
is difficult to handle and losses of hydrochloric acid are difficult to avoid. 

The present method is based on the use of fluoboric acid as a catalyst. This acid 
is comparable in activity with boron trifluoride, but specific for esterification and 
hydrolysis, and can readily be prepared (mixed with sulphuric acid) from sulphuric 
acid and ammonium fluoborate. Acetic acid and excess acetic anhydride can be titrated 
with alkali using a thymolphthalein-phenolphthalein indicator, which gives a sharp 
end point even in coloured solutions and is not influenced by organic bases. The 
acetic anhydride is quantitatively hydrolysed by the water in the first few drops of 
the alkali. 


Modification for water determination 


The accurate and rapid determination of water has to be carried out in many 
laboratories for a wide variety of substances. Three methods are in general use: 
1, oven drying; 2, azeotropic distillation; 3, Karl Fischer method. The first of these 
is often very slow and may lead to high values owing to decomposition; it cannot 
be used with volatile substances. The azeotropic distillation method* is moderately 
accurate, but too slow for many purposes, requires special apparatus only taking one 
sample at a time, and cannot be used with many low-boiling and water-soluble liquids. 
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The Karl Fischer reagent‘ is specific for water except for certain metal oxides and 
catbonyl compounds and has been extensively applied to the determination of water 
in substances miscible with or extractible by the reagent. It is rapid, accurate and 
can be used for extremely small quantities of moisture (for a detailed review see Ref. 5). 
Its main drawbacks are the large quantities of expensive reagents used, the elaborate 
precautions required to exclude atmospheric moisture during the titration and the 
electrometric titration apparatus generally necessary for satisfactory end-point 
determination. 

The method described above for the determination of hydroxyl can be adapted for 
the determination of water and carried out with ordinary laboratory apparatus and with 
inexpensive reagents. This modification makes use of triethanolamine to react with 
the excess acetic anhydride. Being a tertiary amine and an alcohol, this substance 
acetylates extremely rapidly and also binds the free acid and prevents it from reacting. 
Acetic acid in the presence of triethanolamine can be titrated with the thymolphthalein- 
phenolphthalein indicator. For both the hydroxyl and the water determination dioxan 
is used as a solvent, because it is inert towards the reagent, fairly high boiling, miscible 
with water in all proportions and can be dried easily and completely. 


Reagents required 


Acetic anhydride. Purified by fractional distillation. 

Dioxan. Dried over calcium chloride and caustic potash for at least two weeks, then 
distilled. 

Ethy/ alcohol (absolute). Dried over calcium sulphate and distilled. 

Triethanolamine. Dried over calcium sulphate. 

Ammonium fluoborate. This may be prepared from ammonium bifluoride and boric 
acid according to the method of Booth and Rehmar®. If purchased as such, it 
should be recrystallized from water. Either product should be dried overnight 
at 125°C, 

Sulphuric acid. C.P. 98 per cent. 

Phenolphthalein. 

Thymolphthalein. 


Preparation of solution 


Acetic anhydride solution. 20 g. Ammonium fluoborate are added gradually and with 
shaking to 10 ml. sulphuric acid. The slurry is poured with shaking into 800 ml. 
dry dioxan. After standing for one hour in a stoppered fiask the solution is filtered 
rapidly through a Buchner tunnel. To the filtrate 150 ml. acetic anhydride are added, 
the solution made up to 1,000 ml. with dioxan and kept in a well-stoppered bottle. 

Triethanolamine solution. 300 ml. Triethanolamine and 700 ml. ethanol. 

Indicator. 3 Parts thymolphthalein and 3 parts phenolphthalein in 100 parts alcohol. 


Procedure for hydroxyl 


Weigh out about 0-005 equivalents of the unknown substance in a dry 100 ml. 
conical flask (the equivalent weight being based on the number of hydroxyl groups 
present). Pipette into this 10 ml. of the acetic anhydride solution, stopper the flask 
and place it on a water bath for five minutes. Run in about 15 ml. N—-NaQOH, then 
add 2 drops of the indicator solution and titrate to the end-point. If this titration figure 
is deducted from a blank, the difference is equivalent to the hydroxyl present. Only 
one blank need be done each day. Alkali interferes. 
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Results for hydroxyl 


Ethyl alcohol dissolved in dioxan. Found, 1-55 per cent. Calc., 1-56 per cent. 
(Figures are concentration of alcohol.) 
Resorcinol dissolved in dioxan. Found, 1-06 per cent. Calc., 1-10 per cent. 
(The discrepancy here is probably due to the resorcinol not being quite dry.) 
Castor oil, acetyl value. Standard method, 150. New method, 151. 


Procedure for water 


Weigh a quantity of the unknown substance containing about 0-1 g. water in a dry 
100 ml. conical flask. Pipette into this 10 ml. of the acetic anhydride solution. Stopper 
the flask and place it on a water bath for five minutes. Now pipette into the flask 
5 ml. triethanolamine solution, stopper, and put back on the water bath for five minutes. 
Add 2 drops indicator and titrate with N. NaOH. Deduction of a blank gives the 
equivalent of the water present (equivalent weight 18). In the case of cellular materials 
such as wattle bark the initial heating period must be lengthened to 30 minutes to 
extract all the water present. Alkali interferes by neutralizing the catalyst acid, and free 
acid in the sample must be determined separately and deducted from the titration 
value in addition to the blank. Only one blank need be done each day. 


Results for water 


1 per cent solution of water in dioxan. Found, 0-99 per cent. Calc., 0-99 per cent. 
Found, 1-03 per cent. Calc., 1-03 per cent. 


Wattle bark (green). Dean and Stark 39-8 per cent. 
New method 40-3 per cent, 40-4 per cent. 


Meat extract. Dean and Stark 40-4 per cent. 
New method 39-7 per cent. 
Cocoa powder. Dean and Stark 7-9 per cent. 


New method 8-2 per cent. 


University of Natal, 
Durban. Re eived October 6, 1948. 
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A THEORETICAL INVESTIGATION OF SOME PROPERTIES OF LIQUIDS 
PART I. THE RELATIONSHIP BETWEEN VAPORIZATION AND VISCOUS FLOW 
by 
H. A. E. MACKENZIE 


OPSOMMING 

Die proses van verdamping behandel op die basis van ’n gladde potensiaal model vir ’n vloeistof 
en deur gebruik van die oorgangstadiumteorie, gee ’n uitdrukking vir die vrye volume van die vloeistof 
in terme van sy dampdruk. Die uitdrukking is dieselfde as die wat termodinamies verkry kan word, 
mits die oorgangstadium vir die verdampingsproses as ,,vloeibaar” beskou word. 

Die bestaan van hierdie voorwaarde maak dit geldig om die uitdrukking vir vrye volume te gebruik 
wanneer die energie van aktivering vir viskeuse vloei bereken word en twee metodes is ontwikkel 
waardeur dit gedoen kan word. 

Die energie van aktivering is bereken vir verskeie vlocistowwe by 20°C. en die empiriese verhouding, 
AG* vis ~ AEver/2°45, tussen die verhoging in termodinamiese potensiaal vir aktivering van viskeuse 
vloei en die energie van verdamping is onafhanklik verkry; dus word ’n teoretiese grondslag aan die 
verhouding gegee. 

SUMMARY 


Treatment of the process of evaporation on the basis of a smoothed potential model for a liquid, 
and using the transition state theory, yields an expression for the free volume of the liquid in terms 
of its vapour pressure. This expression is the same as that which may be obtained thermodynamically, 
provided that the transition state for the vaporization process is regarded as “‘liquid-like’’. 

The existence of this proviso makes it legitimate to use this expression for the free volume in computing 
the energy of activation for viscous flow, and two methods are evolved whereby this may be done. 

Activation energies are calculated for several liquids at 20°C. and the empirical relationship, 
AG* vis ~ AEvap/2°45, between the thermodynamic potential increment of activation for viscous 
flow and the energy of vaporization, is obtained independently and thus given some theoretical basis. 


Calculation of the specific rate of vaporization and the free volume of the liquid 


The partition function for a molecule of a liquid may be written: 


Fy = (2emkT)/? hr) {amy N, oo... cece. (1) 
where m is the mass of one molecule, I(T) is the partition function for all internal 


degrees of freedom and {act }!/ is the contribution to the partition function of 
the configurational potential energy of the liquid. This formula is applicable to normal 
liquids when classical mechanics may be applied to the translational degrees of freedom, 
when translational and internal degrees of freedom are regarded as independent and 
when the whole volume of the liquid, except for those parts already occupied by other 
molecules, is accessible to every molecule. A crude model for a liquid, in which the 
molecules are regarded as rigid spheres without mutual interaction, yields an approxi- 


mate value for Q(T) given by — 
i CY = Serer revere e rr reecrr reer Te (2) 


where v, is the free volume per molecule. This result is generally too inaccurate for 
quantitative application. A more useful result is obtained by taking into account 
the attractive forces between the molecules. If each molecule is regarded as. moving 
freely in a uniform potential, —y, which is an average value for all accessible configura- 
tions of the molecule and its neighbours, one obtains 

an) «fens YP 
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If (3) is substituted in (1) there results: 
3/2 .— X+kT)/k 
F, = (2amkT) /“ .h A(T) .ve. oa aed 
This is the partition function for a molecule of a liquid treated on the basis of a smoothed 
potential modell. 
Since, at moderate pressures?, 
PRET Didi se sevcerecesionesvedcenes (5 
3/2 ,—3 \Hyap/RT 
F, = (Qemk Ty! ho UT) veg cece ences: (6) 
where A\H,,,, is the molar heat of vaporization of the liquid. 
Penner® has applied the transition state theory to the evaporation of liquids. He 
writes the partition function for an evaporating liquid as 
3/2 ,—3 
eT ie, is kc eakaccnnvannsoed (7) 
For the partition function of a molecule in the transition state during evaporation, 
Penner gives two expressions: P 


we have 


se nS i, al (8) 

and 2 273 

F* = (2nmkT).h .v ’. 

The former (8) is taken to be applicable if the transition state is regarded as “‘liquid- 

like”, and the latter (9), if it is regarded as “gas-like’’. v is the volume inhabited by 
one molecule of the liquid, 7.e., 

eT. ike canpaavedversenseawans (10) 


where V is the molar volume of the liquid. Assuming, in accordance with the postulates 
of the transition state theory, that the specific rate of evaporation is given by j,, where 


oT eel 1 
= h = Pe ee ( ) 
and E,,, is the molar energy of activation for vaporization, Penner obtains: 
; 172 es 
from (7), (8) and (11): = (RT)! 2 (nM) 1/ Ve 1, m4 Evp/RT — 
and from (7), (9) and (11): j = RT) /7 (29m) 1/2 re a ‘ee, .(13) 


In order to test the respective merits of (12) and (13), Penner sets E,,, equal to 
AH,» and replaces v, by the formula of Kincaid and Eyring* in terms of the velocity 
of sound in the liquid. Values of j, for a series of liquids, calculated from (13), are 
compared indirectly with values of j, calculated by means of the Herz-Knudsen 
equation’. The latter, an 


/ 
—dr/dt = M'/*(29RT) ML. Gaexatanchucaies (14) 


where —dr/dé is the rate of decrease in the radius of a spherical drop, due to evaporation, 
p is the saturation vapour pressure of the liquid and d its density, yields 
1/4 itis Haas (15) 


j= M /*(2nRT) 


The transmission coefficient for the frequency factor in (11) and the accommodation 
coefficient in the Herz-Knudsen equation are both set equal to unity, it being assumed 
that the errors inherent in these approximations will cancel. 
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Penner’s calculations show that (13) and (15) lead to results in good agreement. 
(12), apparently, gives very low results. It may be pointed out here, too, that 
substitution of (15) in (13) leads to the equation 


kT —Evap/RT 
Ve = —.C 
P 
KT — AH yap/RT 
or = F . Macau e arn Wikia eee (16) 


a result obtained differently by Fowler and Guggenheim® on the basis of a smoothed 
potential model for a liquid. 

Nevertheless, it seems desirable to examine Penner’s deductions more closely, for 
this reason: Eyring and his collaborators, in developing the “hole theory” of liquids’, 
have particularly emphasized and made use of the similarity between the movement 
of a molecule into a hole during viscous flow and the evaporation of a molecule from 
the liquid. One would therefore expect the transition states for the two processes 
to be similar, yet that for viscous flow is clearly liquid-like, while Penner regards the 
transition state for vaporization as gas-like. The source of the discrepancy appears 
to lie in Penner’s treatment. 

The omission of the partition function for internal degrees of freedom from 
equation (7) does not incur serious error; the ratio F*/F is sought, so that the omission 
of I(T) and I*(T) gives the same result as the approximation I(T) ~1*(T), which 
is normally acceptable. The omission, however, of the exponential term from (7) 
does not seem to be justifiable. 

If the partition function for a molecule of the liquid is written as in equation (4), 
and that for a molecule in the transition state, regarded as gas-like, is written 


F* = (2amk'T) .h~2.1*(T) .v2/? ere rer Pere (17) 


then, putting I(T) = 1*(T), 
inital + icles 1/2 2/3 1 —Q+kT)/AT 
-V -V¢E . > 


(F* /P,) = h@emkT) wv” wwe eg hewn (18) 
and, substituting (18)-in (11), 
5 aw ey eng gE gE an 
Making the approximations (5) and 
Be Si sinc cnindsasehennatehauie (20) 
/ = SS wl) ih 
we have i= (RT)! 2 (0nM) - ae Ve . e 2A Heap/RT seneteds (21) 


Thus, if Penner’s treatment is carried out more rigorously, the assumption of a gas-like 
transition state yields (21) instead of (13), resulting in an equation not in agreement 
with (16). 

If, on the other hand, the transition state during evaporation is taken to be liquid- 
like, one obtains 


42/3 eC +kT) /kT 


F* = (27mkT) a" 1900.0 re ee (22) 
and, putting 1*(T) ~ I(T), division of (22) by (4) gives 
_— — _- 
= wae ge? gt Os... (23) 
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From (23) and (11): E , 
{2+ @*—0} /kT 

wiht et Ae ag * % 
je= (RT) “ (27M) ve* "ove ee +00 
Comparison of (24) and (15) gives: E , 
{+0} /kT 


>" — ’ 
kT 42/3 2/3 . ekneecaeruas (25) 


Ve = —.V¢ Vv 
and comparison of (25) with (16) leads to the equation: 
2/3 —2/3 (X*—x)/kT 
“ oF 4 a di = 
This requirement, then, must be fulfilled if the transition state theory is to yield a result 
in agreement with (16). v,* and x* cannot be evaluated without a much more detailed 
examination of the nature of the transition state. Adoption of the approximations 
Vv i ~ Vv 
f£ — 
and TER. widnaneatndcnccansanaesveanaon (28) 
which will satisfy (26), cannot lead to large errors, and, in any case, these errors will 
tend to cancel. (25) would then yield the result: 


KT —E,.>/RT 
Ver o€ 
P 
— A Hyap/RT 
kT LA4 4vap/ 
or Vvs=- ta eS Pee er ere: (16) 


in agreement with the result obtained thermodynamically®. 

The transition states for viscous flow and evaporation may therefore be regarded 
as similar, 7.e., both liquid-like, so that the assumption of a relationship between the 
two processes is acceptable. 

Calculation of the energy of activation for viscous flow 

The hole-theory and the application of the transition state concept to viscous flow? 
lead to an expression for the viscosity, 7, of a liquid in terms of the energy of activation, 
E,;,. for viscous flow: 


c 1/3 E,,/RT 
i¢ Cc ° 


a. 1/2 
»=NV (2amkT) /~.v 
Alternatively, one may represent the viscosity in terms of the thermodynamic potential 
increment of activation, thus: 
7 = hNV 
If (30) is re-written in the form: 

BAR ag, TEMES) so sdccndcscesecsessias (31) 
it is immediately obvious that AG*,,, may readily be calculated at a particular 
temperature from a knowledge of V and 7. Calculations have been made® for nearly 
one hundred substances, and there has emerged the relationship: 


1 AG*i;/R 
AS i *. ee ee wacvena (30) 


AG i = A Ev /2 . 45, Se (32) 
where Dives Oe Bg RE. csc cccsccesecscsccscces (33) 


The relationship is both empirical and approximate. 
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Ewell and Eyring® have found that the value of n in the equation 


ie ee EE ore 0st nauncahciaeucds (34) 


vis ae vap 


depends markedly on the nature of the liquid under consideration. This is, of course, 
only to be expected, since, from (29) and (30): 


1 AG*,i,/RT 71 2 3 E,,/RT 
hNV — = NV (2umkT) we" « AR (35 
{ QemkT 1/2 1/3 
or E,; eee RT Som ) -.V¢ aermrcrr rer: (36) 
L 1 J 
and substitution of (32) in (36) gives: 
f 1/2 1/3) 
my AE wp .,.3(27mkT) a | ba 
E,i 445 RT f — Ve ( (37) 


Eyring and his collaborators have used two methods” for obtaining E,,, for different 
liquids, including measurement of the slope of the “straight” line obtained by plotting 
log » against 1/T; both methods give only very rough results. Since both (16) and 
(29) are derived on the basis of a smoothed potential model, it seems that the result 
obtained by substitution of (16) in (29) might provide a useful means for the calculation 


of E,;,. There results the equation: 
a? 
- (- : }Ey)/R1 


— mR Ke ss 
7=NV  (2amkT) ( ~) x ». savadeneee 
which may be re-written: P 
AHvp E RT 
1/2,.,..5/6 (. -- ie) 
(27) ’ (RT) d 29 
n = = y > —.€ 5 Raat (39) 
n! . ut! *, ° 
or, introducing the numerical values of the constants, 
, i215 ’ 
, ea = 1- 9693 kc Pr9 7M a _Pma ° J = vay eee (40 
4-576] wi /6 13-737 
ie 


where E,,, and /\H,,,, are now expressed in calories, and the vapour pressure in mm. 
of mercury. 

It should be pointed out that E,,, calculated by (40) is strictly the energy of activation 
for viscous flow. The “E,,.” obtained by the previously used methods" is actually 


AH, ; , 7 
(- gr Eis) It may be noted, too, that according to (39) the plot of logy 


3 


against 1/T is not, in general, linear. 


The calculation of E,,, has been carried through for a number of liquids at 20°C., 
and the results are given in Table I. From a plot of E,;, against AE,,, (Fig. 1) there 
is obtained the empirical relationship 


AEvap 
2-40 


E,; ~~ 


rE ihe ane ae eiame eater ere (41) 
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which may be compared with (37). The result (32) may thus be obtained independently 
by using the smoothed potential model in the calculation of v,. Values of E,,, calculated 


from (41) are included in Table I for comparison. 


Since values of AH,,,, for liquids are not generally available at temperatures other 
than the boiling point, and since vapour pressure data are often inaccurate even when 








available, it seems desirable to modify (38) if it is to find wider application. This 
may be effected by employing the familiar relationship: 
dln H 
ee (42) 
oT RT? 
TABLE I 
(20°C.) 
| | 
| 1 | do | AM, ‘ap Zeit Suis 
Liquid | (cgs.) | M | (mm.) | . (g. cal.) (g. cal.) | (g. cal.) 
| Calculated fr\om equation: (40) | (41) 
Acetic acid (as | 
dimer) «+ | OIZ2 120-1 11-7 1-049 10,098 2,516 | 2,565 
Acetone 6 | -0033 58-08 184-8 0-792 7,231* | 1,294 1,413 
Carbon tetra- | 
chloride | *00969 153-8 91-0 1-595 7,987F 1,912 1,686 
Chloroform -00564 119-4 159-6 1-490 7,617 1,548 1,500 
Ethyl alcohol -0119 46:07 | 43-9 0-7893 10,160 | 2,673 | 2,592 
Ethyl ether ‘00234 74-12 443-2 0-7135 6,488 1,152 | 1,062 
Ethyl formate .. | -00402 74-08 | 192-5 0-923 | 7,259¢ | 1,395 | 1,383 
Formic acid (as | | | 
dimer) | -0178 | 92-06 | 33-1 1-220 11,150§ | 3,129 | 3,003 
Methyl acetate .. | -00381 74:08 | 169-8 0-939 8,044¢ | 1,603 | 1,710 
Methyl alcohol .. | -00591 | 32-04 88-7 0-7928 | 9,114 | 1,943 | 2,155 
Methyl formate.. | -00347 60:05 | 476-4 | 0-975 6,636|| | 1,197 | 1,125 
n-Propyl alcohol | +0225 60-09 14-5 0-8044 | 11,950 | 3,491 | 3,340 
Carbon disulphide |  -00367 76:13 | 297-5 | 1-263 6,473§| 1,003 | 1,056 
—_— = . ” SE NN Se 
Water .. .. | 01006 | 18-02 17-51 | 0-9982 | 10,540 | 2,125 | 2,760 


| wae | 





Sources: Kaye and Laby, “‘Physical and Chemical Constants”’, 10t 


h Edition, 1948. 


Chemical Rubber Co., “‘Handbook of Chemistry and Physics’’, 30th Edition, 1947. 


Values for /)\Hyap 


* 56°C: 


t obtained by extrapolation; £50°C.; § 101°C.; 


not available at 20°C.: 


32-5°C.; $ 46°C. 
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which, on integration, yields a solution that may be written, to a good approximation: 


te 
,™ (Pp) —_— AH yap (43) 


(P)n — RT J. 

, 

If one of the temperature limits, say T,, is chosen as the boiling point of the liquid, 
T,, then (p)... = 760 mm., and we have, dropping the subscript on T,, 


, AHyap)p , AH va 
/n(760 / Pp) T= _& aa = RT co ecesececceseces (44 


1 3 _ _ (AH vap)b AU vap 5 
or logyePr ‘ - = 43-73.T, ~ 13°73T POD ks cen eacacaws (45) 


Substitution of (45) in (40) gives: 
1/2 


Evis — . 7M ‘ (A yap) \ 
F576T * = 2:9296 + logy —s ? 2c >), (46) 


This equation may be used to calculate E,;, for any liquid, given its molecular weight, 
viscosity and density at a particular temperature, and its latent heat of vaporization 
at the boiling point. The calculation has been carried out for a number of liquids, 
and the results are given in Table II. Again the plot of E,,, against \\E,,, (this time 


at the b.p.) is approximately linear (Fig. 2), and the relationship may be expressed by 


. a —— 
4 — — ME 2. Ranteascnneiewmewwsne ) 
Ei, ~ 7-40 1,250 (47) 


which may be compared with (37) and (41). 


Clearly (32), (41) and (47) are merely useful empiricisms without any theoretical 
significance, for, if (41) or (47) were rigorously valid, this would imply constancy, 
for all liquids at a particular temperature, of the logarithmic term in (37). This would 


imply, in turn, constancy of the product v, 1/3,y1/2 
since v, in general increases as m increases. 

The fact, however, that the same fraction of /\E,,,, appears in all these relationships 
is strong evidence in favour of the method given here for the calculation of E The 
essential weaknesses of the method are, firstly, the use of a some what inadequate ‘model 
for a liquid, and, secondly, the approximations (27) and (28). 

Note: Penner (/sc. cit.) has subsequently published an addendum to his paper 
(J. Phys. Colloid. Chem., 1948, 52, 1262) in which he states that the exponential term was 
omitted from his partition function for a liquid, “since only order of magnitude 
calculations were carried out”. He amends equation (13) above to read 


, a result which is obviously untrue, 


2 = 
me e(RT)/? (27M) is és ., 

Clearly then Penner has chosen as his model for a liquid a system of rigid, non- 
interacting spheres. The liquid itself is thus considered to be gas-like, so that the 
treatment naturally leads to the conclusion that the transition state for evaporation 
is gas-like. The adoption in the present paper of a somewhat better model for a liquid 
gives a quite different result. 
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TABLE II 





Data at 20°C. Data at b.p. . 
Liquid M 7 | go |e (AAs opt: err 
(cgs.) 4 | 7k (g. cal.) (g. cal.) (g. cal.) 
Acetic acid (as 2 2 7 rani 
diuex)  .. | 120-1 0122 | 1-049 | 391-7 11,620 2,873 | 10,840 
Acetone... .. | 58-08 | -0033 | 0-792 | 329-7 6748 | 1,144 | 6,088 
Carbon Laas . i ie See I ; | ‘ 
chloride oa 153-8 “00969 | 1-595 349-9 aia t 1,660 | 6,437 
Giese | 109-4 00564 | 1-490 | 334-4 7,046 | 1,377 | 6,377 
Ethylalcohol .. | 46-07 | -0119 | 0-7893 | 351-5 9,399 | 2516 | 8,696 
Ethyl ether .. | 74-12 | -00234 | 0-7135 | 307-8 6,219 1,069 5,603 
Fthyl formate .. | 74-08 | -00402 | 0-923 | 327-5 7,200 | 1,410 | 6,545 
haemiaaciat 1 bs ri am 
(dimer.) 92-06 ‘0178 | 1-220 373-7 11,050 | 2,917 10,300 
Methyl acetate .. | 74-08 | -00381 | 0-939 | 330-3 | 7,268 | 1,369 | 6,607 
Methyl alcohol .. | 32-04 | -00591 | 0-7928 | 337-9 8418 | 1,767 | 7,742 
Methyl formate.. | 60-05 | -00347 | 0-975 | 305-1 | 6,750 | 1,243 6,140 
n-Propyl alcohol | 60-09 | -0225 | 0-8044 | 370-4 9,854 | 2,883 | 9,113 
Carbon disulphide | 76-13 | -00367 | 1-263 319-4 | 6403 | 991 | 5,764 
Water... .. | 18-02 | -01006 | 0-9982 | 373-2 9.725 | 1,884 8,979 
Acetonitrile .. 41-05. | "-00360 | 0-7828 | 355-2 | 7,142 | 1,082 | 6,432 
Allylalcohol .. | 58-08 | -01363 | 0-855 | 369-2 | 9,466 | 2,450 | 8,728 
Benzene... .. | 78-11 | -00652 | 0-8794 | 353-3 | 7,367 | 1,622 | 6,660 
Bromine... | 159-83 | -00995 | 3-12 | 332-0 | 6984 | 1,358 | 6,320 
nButyl alcohol... | 74:12 | -02948 | 0-8098 | 390-9 | 10,450 3,109 | 9,668 
Ethylene bromide | 187-9 | -01721 | 2-180 | 404-8 | 8680 | 1,972 7,870 
Ethylene chloride | 98-97 | 00798 | 1-257 ~ | 356-7 | 7,650 1,660 | 6,937 
Glycol... | 62-07 | +199 ~ | 4-116 | 470-4 | 11,850 | 3,838 | 10,910 
s-Propyl acetate | 102-1 | -0059 ~ | 0-887 | 374-8 8,198 ,738 7,448 
Pyridine .. | 79-10 | -00974 | 0-982 | 388-5 8,496 1,895 7,719 
Turpentine .. | 136-2 | -01487 | "0-862 | 432-2 | 9,344 2,557 8,480 





Sources: Kaye and Laby, ‘Physical and Chemical Constants”, 10th Edition, 1948. 
Chemical Rubber Co., “‘Handbook of Chemistry and Physics”, 30th Edition, 1947. 
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